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THE ETAPORATIO]^ AND CONCENTHATION OF WATERS 

ASSOCIATE!) ¥ITH PETROLEUM AND 

NATURAL GAS. 



By E. Van A. Mills and R. C. Wells. ' 



INTRODUCTION. 

BESDXTS or THE INVESTIOATION. 

The association of saline waters \ with petroleum and natural gas 
has been widely observed, but the xrifflix.i jr mode of f onnatioiL.Qf . 
these waters has remained a perplexing problem. It has been com- 
monly assumed that the dissolved salts were derived through the 
leaching of the sediments by percolating ground waters, or that the 
deep-seated brines are essentially fossil ocean waters which were in- 
cluded and buried in the marine sediments at the time of deposition. 
In the light of the present investigation these relatively simple con- 
cepts give way to the conclusion that theTbrjaes.are _tie result ocE-a 
tympl^'T and lo Tig-'^o"t i p'ie d evolutio n JTi w h j ph waters at sedimenta- 
JifiO. together with, gromd waters from other aourcea hare imdei^^e 
4eeprseated eyapQr8tioiLa,nd CQncentcaticiL jiaMunpanied-hy Rote: 
JSOrthy. cheniical changes. ■ 

Our interpretation of the mode of formation of many oil and gas 
field brines is partly the outcome of a study of changes in the brines 
incident to the extraction of gas and oil frwn their reservoir rocks. 
It appears that the waters undergo deep-seated concentration, 
hrous'it about by Uieir evaporation into moving and expanding gas^ 
During this concentration there is a definite order of change in the 
relative proportions of the dissolved constituents in the waters. 
*" Carbon dioxide and other gases are lost from solution. "" Calciumj 
magnesium, and iron sep.arate.from solution as carbonates, and undei' 
fa-KOnable conditions «odimn and minor proportions -of calcium and 

& dilate aqneons 
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6 WATERS ASSOCIATED WITH PETBOLBUM AND NATUEAL GAS. 

magoggium-eAfwrate&s chlorideso-a process illustrat«d in the salting', 
up of gas wells. A further separation of the dissolved constituents, 
more particularly of calcium, magnesium^ iron, sodium, barium, 
strontium, carbonate, and silica, is brou^t about irhen waters from 
different beds and having differ^t properties of reacticHi become 
mixed. Lastly, the ratio of calcium to chlorine in the waters in- 
creases and the ratio of sodium to chlorine decreases with the con- 
centration. 

It is a logical step to pass from the facts just recorded to a theory 
of the formation of the brines. The brines, as they occur in their 
reservoir rocks, prior to the extraction of gas and oil frcan these 
rocks by man, vary greatly in their degree of concentration, and 
it may be stated as a rule that the concentration of the dissolved 
constituents of the waters increases with depth, and that the diiFer- 
ences between the concentrated and relatively dilute waters are of 
the same sort as those brought about during the artificial extraction 
of gas and oil. There are, however, noteworthy exceptions to this 
rule ; waters that appear to have remained deeply buried under thick 
covers of relatively impermeable beds since their inclusion in the 
sediments seem to be less concentrated than those occurring in more 
shallow beds directly beneath and above certain unconformities. 

We are led to conclude that the changes in the waters incident to 
the extraction of gas and oil are largely of the same order as those 
by which the brines were formed. fSarine water of sedimentation 
and ground water from other sources have been included and deeply 
buried in the sediments, where, in association with gas and oil, they 
have migrated and undergone concentration, accompanied by changes 
in the nature and relative proportions of the dissolved constituents. 
Concentration is due in part to the leaching of the sediments by the 
migrating waters but mainly to the evaporation of water into gases 
that are moving and expanding through natural channels. Reactions 
' between the dissolved constituents of different types of waters and 
between the dissolved constituents of the waters and the organic 
and inorganic constituents of the sediments have been important 
factors in the formation of the brines and so also have mass action 
and reactions due to deep-seated thermal conditions. 

During the deep-seated concentration of the waters various con- 
stituents have separated from solution as their points of saturation 
were reached. Under favorable conditions the concentration has 
proceeded sufiBciently to cause the deposition from solution of sodium 
chloride. Chemical reactions and precipitation have also been ef- 
fective in bringing about these separations. Much evidence of what 
has taken place through deep-seated natural agencies is furnished 
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by.3tudie8 of the salts interstitially included in the sediments from 
which gas and oil have not been extracted, but the most striking 
example of the deep-seated natural deposition of salt is furnished 
by the salt domes of Louisiana and Texas. We attribute the forma- 
tion of these great salt masses largely to the geophysical tmd geo- 
chemical processes herein dfii"rihH;^^22r ^Pntftl fffpf^r-^^j^H. n"*^ 
concentration of chloride waters due to the movement and expansion 
of gases through natural passages, more particularly through fault 
fissures, having been agencies of prime importance^ 

The salts deposited in wells during the extractioii of gas and oil, 
those occurring interstitially in the sediments, and those constituting 
the Louisiana and Texas salt domes all agree clc^ely in composition 
with hypothetical salts whose loss from solution during concentra- 
tion has been predicated by us through comparisons of the analyses 
of the dilute and concentrated brines under scrutiny. 

It is our purpose to describe the mode of concentration of these 
waters, the changes they have undergone, and some of the relations . . 
that the changes bear to the occurrence and production of petroleum 
and natural gas. Though samples of the waters under investigation 
were collected only in the Appalachian fields, the conclusions are 
widely applicable. 

As shown in the concluding chapter, many of the principles herein 
set forth are capable of practical application, and it is intended that 
this bulletin shall be of ec(momic value to oil and gas operators as 
well as of scientific interest. We shall feel repaid for our studies if 
we make apparent the need for further detailed field and laboratory 
investigations of the chemical and physical interactions between 
petroleum and natural gas, on the one hand, and the associated waters 
and reservoir rocks, on the other. 
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8 WATERS ASSOCIATED WITH PETROLEUM AND NATURAL GAS. 

FIELD WOBE. 

The field investigations upon which this paper is based were made 
by R. Van A. Mills, D. Dale Condit, Frank Reeves, and G. B. Rich- 
ardson during the summers of 1914, 1915, and 1916. The oil and 
gas resources of the Woodsfield and Summerfield quadrangles, in 
southeastern Ohio, were studied by Messrs. Condit, Mills, and Reeves 
for four months during the summer of 1914. Subsequently the field 
work in these areas was continued by Mr. Mills during April and 
May, 1915, and June, 1916. Messrs. Richardson and Mills also 
studied the oil and gas resources of the Butler and Zelienople quad- 
rangles, in western Pennsylvania, during the summer of 1915. 

In the course of these economic investigations particular attention 
was paid to the distribution and mode of occurrence of the water 
associated with petroleum and natural gas, with a view to studying 
some of the physical and chemical relations between the hydrocar- 
bons, the reservoir rocks, and the associated waters. As material 
for use in studying the possible changes that the waters have under- 
gone, both before and after the extraction of oil and gas commenced, 
samples of oil, gas, oil and gas bearing rocks, and the waters associ- 
ated with the oil and gas were collected for laboratory study. 

The oil samples were collected fresh as the oil emei^ed from the 
wells and were placed in glass bottles for shipment. The gas samples 
were collected in large glass containers by the displacement of air and 
also by the displacement of water. 

In collecting water samples from deep wells it is difficult to obtain 
a truly representative sample from a particular bed. Water from 
one sandstone is likely to enter another through poorly plugged, 
abandoned wells, or through and around faulty casings. The ef- 
fort was therefore made to collect samples from tightly cased wells 
and in newly drilled fields, where water from shallow sources had 
not leaked into the deeper sands through abandoned wells. The 
samples were collected directly as the waters came from the wells 
and were therefore not affected by standing in tanks. So far as pos- 
sible, the samples of water were collected where collateral data re- 
garding the depth, thickness, texture, and structure of the productive 
sands, the geology of the region, and the history of production were 
available. 

The rock samples were collected when they were freshly removed 
from the wells, except where otherwise noted. Lump samples and 
loose sand blasted from the deep beds when the wells were shot were 
collected in preference to the finely pulverized fragments contained 
in drill sludge. 



byGoogIc 



GEOLOGY OF APPALACHIAIT FIELDS. 9 

LOCATION OF QITASSANaLES STUDIED. 

The location of the four quadrangles studied is shown on the index 
map (fig. 1). The Woodsfield and Sununerfield quadrangles, which 
include parts of Belmont, Monroe, Noble, and Guernsey coun- 
ties, in southeast€m Ohio, are from 25 to 45 miles southwest of 
Wheeling, W, Va., and from 25 to 40 miles north of Marietta, Ohio. 
The Butler and Zelienople quadrangles, including parts of Butler. 
Lawrence, and Beaver counties, in western Pennsylvania, are from 
20 to 40 miles north of Pittsburgh, Pa., and about 80 miles northeast 
of the Woodsfield and Summerfield quadrangles. 




FiauBR 1. — Index map showing location oC tbe SummerOeld and Woodsflpld quadnmslea. 
Ohio (Nob. I and 2, beavUf shaded), the Zelienople and Butler quadraneles, Pa. 
(KOB. 25 and 20, heavU; shaded), and the nameB and pesltlonB at other qnad- 
rangleB for which atractnral maps have been prepared (Ugllt shading). S, Flush- 
Ins ; 4. Cadiz ; S, Steubenvllle ; 6. ClafsrUle ; T, BorgettBtowa ; 8, Came^e ; S, Beaver 
10, Sevtckle;; 11, Amity; 12, Bogersvillc ; 13, Waynesburg; 11, Wooster ; IS, Fox 
tmre: 16, Clarion; 17, Eittanalns; 18, Rural VaUey ; 16, Elders Bldge; 20. Latrobe 
21, BrownavUle, 22, Connellsvllle ; 23, Masontown ; 24, Dnlontown. 

GEOIiOaY OF THE APPALACHIAN OIL AND GAS 
FIELDS. 

aEOLOGIC BEFOBTS BEZ^TIVE, TO THE ABEAS STUDIED. 

Two brief geologic reports on the Woodsfield and Summerfield 
quadrangles ' have been published by the United States Geological 

' Condlt, D. D., Stmctare ot tbe Berea oil sand Id tbe Sninraerfleld quadrangle, 
Guernsey, Noble, and Monroe couDties. Ohio : U. S. Oeol. Sorvey Bull. 021, pp. 21T-231, 
1616 (Bull. 621-K) ; Structure of tbe Berea otl Band In the Woodsfield quadrangle, 
Belmont, Uonroe, Noble, and Guernsey comitlea, Ohio : Idem, p[l. 288~S49. 191B (BtlU. 

ezi-O). 
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Survey, and a more detailed report on the oil and gas resources of 
the same areas is now under preparation. Greologic reports on the 
Butler and Zelienople quadrangles are also being prepared for pub- 
lication by the Survey. In addition to these, the Survey has pub- 
lished the following bulletins concerning oil and gas fields in Ohio, 
West Virginia, and Pennsylvania : 
198. The Berea grit oil saod in the Cadiz quadrangle, Ohio, by W. T. Griswold. 

1902. 43 pp.. 1 pi. 
279. Economic geology of the KlttannlDg and Rnral Tallej qnadraDglea, Pa., 

by Charles Butte. 1906. 198 pp., 11 pie. 
2S6. Economic geology of the Beaver quadrangle. Pa. (southern Beaver and 

northweBtern Allegheny counties), by L. H. Woolsey. 1906. 132 pp., 

8 pis. 
300. Economic geology of the Amity quadrangle, eastern Washington County, 

Pa., by F. G. Clapp. 1907. 145 pp., 8 pla. 
304, Oil and gas fields of Green County, Pa., by R. W, Stone and P. G, Clapp. 

1907. 110 pp.. 3 pis. 
318. Geology of oil and gas fields in SteubenvlUe, Burgettstown, and Clays- 

vtlle quadrangles, Ohio, W. Va., and Pa., by W. T. Griswold and M. J. 

Munn. 1907. 196 pp., IS pis. 
846. Structure of the Berea oil sand in the Flushing quadrangle, Harrison, 

Belmont, and Guernsey counties, Ohio, by W. T. Griswold. 1908. 30 pp., 

2pl& 
349. Economic geology of the Kenova quadrangle. Ky., Ohio., and W. Va., by 

W. C. Phalen. 1908. 158 pp.. 6 pls. 
4M. Coal, oil, and gas of the Foxburg quadrangle, Pa., by E. W. Shaw and M, J. 

Munn. 1911. 85 pp., 10 pis. 
456. Oil and gas fields of the Carnegie quadrangle, Pa., by M. J. Munn. 1911. 

99 pp., 6 pla. 
541-A. Oil and gas In the northern part of the Cadiz quadrangle, Ohio, by D. D. 

Oondlt 1913. 9 pp., 1 pi. 
621-H. Anticlines In the Clinton sand near Wooster, Wayne County, Ohio, by 

C. A. Bonlne. 1015. 12 pp., 1 pi. 
fl61-A. The Cleveland gas field, Cuyahoga County, Ohio, with a study of rock 
pressure, by G. S. Rogers. 1917. 68 pp., 2 pis. 

The following geologic folios contain descriptions of oil and gas 
fields in Ohio, West Virginia, and Pennsylvania : 

60. Huntington. W. Va.-Ohlo. by M. R. Campbell. IflOO. 

72. Charleston, W. Va.. by M. R. Campbell. ISOl. 

82. Masontown-Unlontown, Pa., by M. R. Campbell. 1002. 
115. Klttannlng, Pa., by Charles Butts and Franli Leverett. 1904. 
121. Wayneaburg, Pa., by R. W. Stone. 1905. 
146. Rogersvllle, Pa., by F. G. Clapp. 1907. 
17ft Sewlckley, Pa., by M. J. Munn. 1911. 

177. Burgettstown-Carnegle, Pa., by E. W. Shaw and M. J. Munn. 1911. 

178. Foxburg-Clarlon, Pa., by E. W. Shaw, E. F. Lines, and M. J. Munn. 1911. 
180. Claysvllie, Pa., by M. J. Munn. 1912. 

184. Kenova, Ky.-W. Va.-Ohlo, by W. C. Phalen. 1912. 
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A'BT'iAT. GEOLOGY. 
The Appalachian oil and gas fields are in the great geosyncline 
generally known as the Appalachian coal basin, which lies between 
the Cincinnati an- 
ticline on the west 
and the Appalach- 
ian uplift on the 
east. Over most of 
the area, as shown . 
by figure 2, the 
rocks exposed at 
the surface are of 
Pennsylvanian age, 
but Permian beds 
cover the center of 
the basin and both 
Mississippian and 
Devonian beds 
crop out around 
the edges. 



FiGUBK 2. — Sketch map allowing the area! geolag; of the Ap- 
palachlaii coal baalD. 11, Permian ; 12, PennsyivaalaD ; 13. 
UisalsslpplBn ; 14, Devonian ; IS, Silurian ; 16, OrdDTlclan. 

' In the fi e lds . _iia- 
jifitL.fi isfiiigsifln i>B- 
ixpleum and n afc-- 
iiral ga^ occur as- 
gfwiatna jzitb aalinff 
w a t a re ii n ^elativ e ly - 

■pjirnin^ open rtex- 

J^a red "pay sa ndg^' 
in marine deposits 
and in confiii^al 
slf4iQsits_ laii-down 
at or near sea level. ■ 
The sediments in 
southeastern Ohio 
are estimated to 
have a total thick- 
ness of more than 
9,000 feet. Some 
of the productive 
oil and gas bearing 
strata, such as those of the Catskill (?) formation in western Penn- 
sylvania and those in the overlying coal measures, are probably not 
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of marine origin, but were deposited sufficiently close to the sea to 
become interbedded with marine deposits. Under such conditions 
the nonmarine sediments have probably become more or less perme- 
ated by marine waters of sedimentation, as will be explained in the 
following text. 

The regional structure and general position of the great Appa- 
lachian geosyncline are shown by figure S. In the four quadrangles 
studied during the preparation of this buUetin (see fig. 1) the strata 
dip gently to the south and southeast, toward the trough of the 
geosyudinei The dips average approximately 50 feet to the mile, 
though there are numerous minor folds in which they are more pro- 
nounced. In the Woodsfield and Summerfield quadrangles, in south- 
eastern Ohio, where a very large number of well records were pro- 
cured, there is much evidence that the strata of Mississippian age 
had been distorted by small, relatively sharp folds prior to the de- 
position of the overlying Pennsylvanian sediments. Detailed studies 
in these two quadrangles have therefore rendered the unconformity 
between the beds of Mississippian and Penn^lvanian age especially 
evident. A generalized section of the formations in ea!;tem Ohio is 
given on the following page. 

The stratigraphic position of the reservoir rocks from which 
samples of water and of oil and gas bearing rocks were collected is 
shown in Plate I. It will be observed that these beds range in age 
from late poTomnit-to early VfiTlTIRy^^""'!!" The oil and gas sands 
are for the most part lenticular, many of l^e productive beds at the 
same stratigraphic horizons being isolated from one another by rela- 
tively impermeable shales, tightly cemented sandstones, or grada- 
tions between the twp. 

For detailed descriptions and structure contour maps of the oil 
and gas sands in southeastern Ohio and western Pennsylvania, the 
reader is referred to the publications listed on page 10. 
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QBOLOGT OP APPAIACHIAM' FIELDS. 
Oeneralixed leclMi of formations in eastern Ohio.* 






d alay of uriara] 



reddish-. . 

tliiu beda oT coal and Umastoot 

In lower pmtion. 



Driller^ dcHTlptltii. 



Limestone, shale, anda little Band- 
stone. ContMns the Fltts- 
burgti, PomeroT, Mrtga Creak, 
Uniimtown, and Wavnesburg 
coal beda, all of more micas value 
In the Woodafleld quadrangle. 



Irregutai memben grading Into 
slulea, commonlj or reodish- 
brown or variegated colon. 
Upper Bod lower Pittsburgh 
llmestoiM mambera near top; 
Ames and Cambridge limestone 
- a little below middle. 



Inclndea . First Cow 
Bun. Buel] Btm, and 
Uahoning sands. 



AOe^MOy fccma- 



SandatfHie, idiale, and 
clay and coal b«ds, '~ 

L<iwer Elttanning, 

tanning and Lower and Upper 



and iDHHiTtant 
ni, M^d^Vi^ 



Consists largely <tf sandstone and 
eoaglomerate, which — ' — '"■ 



beda. The 

erally divided into several iKirts 
by beds of clay shale, and coals 
arc also iDoally present. 



Includes Uaiton sand. 



Uaivllle llma- 



itollghtfrav 
Interbedded 



Black Hand for- 



Coaiw sandstone interbedded 



Probably Inolndes Big 
Injun and Squaw oQ 



Includes Welsh oil 



Dark carbmaoeaiu shale. 



flnegralned eray towl 
stone. Leaflcidai 



Bena oil and gas sa 



Ike part of this Motion belr 



>. 8. Bogen (The Clevs 



.,.CoogIc 



14 WATERS ASSOCIATED WITH PETBOLBUM AND NATURAL QAS. 
Oeneralized teclion of formations m eattem Ohio — Coatlaued. 
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Gray calearaoua sbale. ■ 






Delaware llmB- 
stcma. 


KO-TO 


Blue and gray UmestMke, bacom- 
tng didomme tn lower part. 






Columbus Ume- 

BtODB. 


Big Ume; Indudca 
Newburg sand and 

«0-l,S3»feet. 




Umuotformatloii, 




SaJlna formation. 


WO-MO 


Shale, dolomite, anhydrite or 
gypsum, and root salt. 






400-801) 






SllnilsD. 


"Clinton" lor- 
matton. 


ISO-IM 




Ineludes I.iWIe Ume, 
75-150 teet. 




%a3?ars 


Clinton sand, 0-«a feet. 




2S-TS feet. 




"M«dma"sliale. 


300-400 


Red clay sbale, with thin layers of 


Medma red rock. 




Sbale and limi- 
natlanage. 


750-1, iSO 


Dark shale, with thin layers o( 
UnuBtone, espedally In upper 
part. 


Blate and shells. 




Trent™ {?) lime- 
stone. 


(?) 


Umeatone. 


Trenton Ume. 



LITHOLOOY AUS MIHBBALOaY OF THE SEDIUElTrS. 
KINDS OF ROCK. 

The reservoir rocks are principally porous jnlnmitii? lHnn8tnnas,.ap<l 
qusrtzitic and calcareous sandstones interbedded with relatively im- 
permeable shales, tightly cemented sandstones, and gradations be- 
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tween these rocks. Fragments of the oil and gas bearing rocks 
were collected when they were cleaned from weUs in the different 
fields and have been examined both petrographically and chemically. 

RESULTS OF PETHOORAPHIC EXAMINATION OF ROCK SFECIHEN8. 

For the petrographic study of the rock specimens we are indebted 
to M. I. Goldman, who reports as follows : 

The reaoltt of the petrographle study, presented herewith, are only tenta- 
tiTe, aa more detailed microscopic observations and more extensive study of the 
relation of the history and distribution ot wells to the observed petn^prapMc 
features are necessary to eatabllaU the conclusions. 

The primary object of the Investigation was to find any characteristics of 
the rocks that might bear on the distribution of oil In them. Aa the work 
progressed it appeared that. In addition, light might be thrown on some of 
the early stages of metamorphlsm and their relation to geologic conditions. It 
was found impracticable to make determinations of pore space, because, by 
the tearing ont of soft minerals and In other ways, holes are produced In grind- 
ing the thin sections. As methods for the determination of the jrlmary or 
S£{igiMetiu nuituiua of sedimentary rocks from their tliin sections are still 
rather undeveloped and Inadequate, no attempt was made to determine those 
features beyond recognlElng that qnartz, feldspar, mica, and clay substance 
were the principal constituents of the rocks examined. Otherwise the investi- 
gation was limited to the study of secondary or eplgenetlc minerals. 

The following minerals were recognized : 

pvartz a s a secondary growth around the original grains and in contlnnous 
crystal log raphlc orientation with them was found In almost all the sandstones 
that were not too argillaceous. The approach to quartzite was in general great- 
est In the deepest t>eds, though this relation was highly variable. 

B"flfiHr^f^i known as a common mineral in sandstones, was found In fine 
crystalline a^regates filling the pore spaces. 

Calotte and other carbonates seemed to be particularly abundant in pro- 
ductive sandstones In older fields In which wells were very numerous, thus 
Indicating a relation to recent ground-water circulation resulting from drilling. 

Sulphtdet (pyrtte or marcaslte) were scarce in oil and gas bearing rocks 
from the Woodsfield and Summerfleld quadrangles and occurred mainly in the 
clays associated with carbonaceous matter, a common syngenetlc relation. It 
Is signiflcant, however, as Illustrating the mlneraloglc and chemical Individ- 
uality of different fields, that In some regions outside of these areas In Ohio and 
Pennsylvania the anlphldes are common In large ag^egatious In sandstones. 

fTflrrf nncf nr^l growths were scarce and difflcnlt to recognise and received 
no special attention. 

Missa-ti-e probably the most significant of the secondary minerals. They 
are of various species and types, from almost colorless to yellowish green and 
from brilliantly polarizing to almost Isotropic. Their differentiation from 
syngenetlc mieas Is difficult, being based mainly on habit and distribution. 
They are the minerals that roost require further study, but so far as can be 
stated at present their development in the pay sands seems to be, like that 
of the carbonates, related to circulation of water resulting from the opening of 
wells. However, as is shown In the subsequent dlscusrfon by Messrs. Mills and 
Wells, the chemical changes that resulted In the formation of these secondary 
micas, like those that produced the carbonates and other eplgenettc minerals, 
probably also took place during the slow natural circulation that preceded 
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drilliDK. ,^.^;«gard to chaoses.. In.. fomposttlon of the waters, nnroeiwtoa jyj^^^ 

^\l and gas it is .sisnlAcaut tliat some of the secondary micu3..ae» Avldeetly^ 
cbl2rltes_and Hipt mpr ^pKintn ynniii therefore have been naed In fnr ining thum , ' 

rhpr^ gforo ^nmf; iTH^jppt'""^ that the deTelopmeat of secondary quastz and 
6' Iphlde a m ight ajso^he related to tlie. cliculatloa. of water reavltias-froiD the 

An interesting feature Is the apparent granulation and recementlng by sllicn 
o( some of the grains of quartz In a few of the aamploB. This may be tlie 
beginning of the mechanical part of metamorphlam, but the possibility has 
also been suggested that It is due to cmshli^ reenltlng from blows of the drill 
lo sinking the well, with Bubsequent cementing. A choice l>etweeD these two 
Interpretations could be made only on the basis of a Study of the distribution 
of the samples showing this feature. The assumption of metamorphlBm due 
to pressure resulting from the weight of overlying beds is favored by the 
two facts that the phenomenon is apparently rare and that, so far as may be 
concluded from tliis preliminary study, It occurs mainly In samples from 
greater depths, especially In one from a depth of 2,230 feet 

No determinations of possible water-soluble minerals la the sections could be 
made, as these would be removed Id grinding. 

It may be noticed that all the factors considered above are related to the 
occurrence and circulation of underground waters In the rocks. The nnder- 
gronnd waters in turn, as shown el.^where In this paper, have Important bear- 
ings on the occnrrence of oil and gaa. 

A dark-brown stain, believed to be due to oil, la found In connection with 
carbonaceous matter In some of the clays, a relation well recognized In the 
oil shales of the western United States.^ No other direct relation between the 
oil and gas associated with the rocks and their microscopic features was estab- 
U^ed. The porosity would of course be one of the moat important properties 
to consider If the conditions under which thin sections are produced permitted 
its determination under the microscope. 

*~ A« rugni-iia in ftte nTphiinn III L ^ "" I "l r""TT 'f''- Tmce""t''^ that nt li'aat rlnrlng 
thn rnrllrnt fitflg«° n" '■"iM'rtfl'it t"^"' mf r *" ttip pr'^u'Tf'' of S£en fissures or 
gassages, ot^exceptipnal porosity which, would,, facilitate .the flow of water 
throu gh ^le rocks. > 

RESULTS OF CHEMICAL EXAMINATION OF ROCK SPECIMENS. 

In order to supplement the microscopic examination of the rock 
specimens obtained from the oil and gas wells, a number of chemical 
determinations were made, together with a few fairly complete 
analyses. The proportions of the water-soluble constituents were 
first determined by extracting 2-gram portions of the powdered 
samples with about 100 cubic centimeters of water at ordinary tem- 
perature, filtering, evaporating the filtrates to dryness at 110° C, 
and weighing the residues. In Table 1 the results are stated as 
percentages of the rocks " soluble in water." The composition of the 
water-soluble material was not ascertained in the first determina- 
tions, but it is believed to have been largely sodium chloride, as indi- 
cated in Tables 3 and 15. The proportion of water-soluble materials 



> See the Btadlea of the late C. A, Davis. 
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^angfidj£rom^Q,25_to^84 per cent. Next tlie leached portions of the 
samples were extracted with I'/KTliydrochloric acid in order to gain 
an insight into the natnre of the acid-soluble constituents. The re- 
sults are stated as percentages of the rock " soluble in HCl." Ajfer 
this treatment the residue was extracted with 5 per cent solution of 
sodium carbonate to determine the amount of soluble silica present. 

Table 1. — CJwTnical determinations on rook tpetHmens from oil and gat wells. 

[PercmtBEesolBunplesJi; welgfat. DetumluatloiiB by R. C. WellB.] 
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In Table 2 are presented the results of the 

Table 2. — Analysis of rock specimens from oil and gas wellt. 

[R, C. WellB, analyst] 
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lAfG feet: Jerusalem, Sunsbury Township, 
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" " d, of eaily Misslaslpplaa agei AimstT^BUs Mills, Wasbinelcoi Township, Belmont County, 
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The chemical tests were made partly to ascertain the character of 
the cementing material. That generally found in sandy sediments 
includes silica and hydrous silicates of iron, aluminum, calcium, and 
magnesium, the composition depending somewhat on the foreign 
substances in the sand. As a matter of fact, pure siliceous sandstones 
are the exception. When, as in the rocks examined, clay, mud, and 
carbonates are also present the list of possible cements is greatly in- 
creased and includes the carbonates of iron, magnesium, and calcium 
and various phosphates and sulphatea 

Tables 1 and 2 show that the proportion of carbonates in the sands 
examined is not large; in fact, carbonates are absent in the Bib lime 
sand, and only traces are found in the specimens of the Keener and 
Third sands. Much of the iron found in the shale below the Third 
sand and in the Berea sand from Woodsfield and practically all of 
that in the Berea sand from Armstrongs Mills is present as ferrous 
carbonate, although reported as, ferric oxide ; the determination of 
ferrous iron is unreliable in the presence of organic matter. Mag- 
nesium was found in all but one of -the sands, and some calcium in 
all. Sands 2, 3, and 4 effervesce with acid, but the other three sands 
show no appreciable effervescence. Sample 4, collected from an old 
well yielding oil and gas from the Berea sand, is salty to the taste 
and shows the largest proportion of material soluble in water. None 
of the specimens shows.a marked amount of silica soluble in acid or 
in sodium carbonate after treatment with acid, except the shale be- 
low the Third sand. This rock may contain a magnesium silicate 
which is decomposed by acid. The magnesium content of all the 
specimens appears to be low, though it must be remarked that the 
relatively insoluble magnesium silicates would not be dissolved under 
the conditions of these experiments. Dolomite is present only in 
small amounts, but specimens of the deeply buried limestones that 
have been previously reported as dolomitic could not be procured for 
examination. 

Small proportions of water-soluble salts, more particularly sodium 
chloride, were found in all the rock samples in which these constit- 
uents were sought. Some uncertainty as to the mode of occurrence 
of the salts is introduced by the small proportions contained in the 
rocks examined. The salts are present in smaller proportions than 
would be found in a sandstone luiving a total porosity of 15 per cent 
if it were saturated with an average Appalachian oil field brine and 
then dried. It may therefore be suggested that the salts in the speci- 
mens examined have been deposited merely by the drying of small 
amounts of brine contained in the rocks when the specimens were 
collected. This suggestion would be reasonable if the rocks had been 
saturated with water when they were collected from the wells, but 
some of them were partly saturated with oil and came from rela- 
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tively water-dry strata. T>^ f)pi-iiiTaTii-A in n gpHiinp.i)(,prj i-nclr^ nnw 
ra1j>fjppljr Arj nf wn|^,r^ nf ix^ pep esB^^t watfer-sol Hble-jaatter^jjf 
■wlii^_82jl_jfflE_ceiit is^wbde np ©f -ehlOTides^ sugg.^ts tjat-salts-of 
tlnstj:ES_J5erfi„d^osit6d in the _CQCk_ as a result of deep-seated 
,_eyap^'fttieii,_ 

As will be explained later, the brines associated with oil and gas 
in the Appalachian fields have probably undergone concentration, 
and the salt that occurs in densely cemented barren rock may have 
been included in other minerals deposited chemically from the waters 
before they reached their present stage of concentration. In other 
words, water concentration and cementation have probably been more 
or less concomitant processes, and the soluble salts, especially sodium 
chloride, may have been mechanically included in the <»ments. It is 
significant that chlorides, especially sodium chloride, occur in the 
densely cemented sediments and in secondary deposits of calcite and 
barite collected from oil wells. The possibility that the included 
sodium chloride was formed concomitantly with calcium carbonate 
by the mixing and concentration of waters of different types is dis- 
cussed in the succeeding text. As related to the concentration prob- 
lem, which is also developed in succeeding pages, it seems important 
that sodinm chloride constitutes 86.5 to 100 per cent of the chlorides 
present in the samples examined, whereas the salts obtained by the 
complete evaporation of the brines contain about 20 per cent of cal- 
cium chloride and 5 per *»nt of magnesium chloride. 



[S. C. DlDsnure. anslyat.] 
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_, .. . „ . _ _ i;4W± leet; Etana aty, Butlw 

County, Pa. Thesliale appeared Mb«relaU vol; dir of salt WBUrBncToll. 

2. Hundnd-lOotMnd; d9thl,06a±leet; Evaua City, Batlec Connty, Pa. The sample was cleaned Crom 
the pcodnDtlTt horiion in a new <dl well in an old field. The well yleldM both oU end salt water. 

3. Buna Mnd; Armslraiua Utlla, Belmont County, Ohio. Cleaned from an old oil well. 

4. Third Band: depth lj4S feet: nw Evang atj, Butler County, Pa. The sample was cleened from a 
new oU wan. Thasuid yielded oil but was reported to be relatively bee from salt water. 

b. Big lime sand; depth I JOD^t feet; half a mils west of Oiark VUl^, Sunsbuiy Township, Monfoe 
CounQr, Ohio. The sample was cleaned from a new oil well In an old field where the Big lime sand ia ra- 
ported to be rala^vely dry ol salt water. 

6. Hundred-foot aind; leHetson Township, Butler Cotmty, Pa. Cleaned from a new well In which 
gas, oil, and water were practically absent. 
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The analyses on which Table 3 is based were made in the following 
manner: 

A SO-gram portion of the finely pulverized sample was leached 
with 800 cubic centimeters of distilled water at 45° C. for 17 hours, 
with frequent stirring. The resultant solution was then filtered into 
a graduated 500 cubic centimeter flask and the leached sample washed 
with distilled water until the filtrate attained a volume of 500 cubic 
centimeters. Aliquot portions, representing 10 grams of the sample, 
were taken for determinations of total water-soluble material, Ca, 
Mg, Na, K, SO^, and CI. The material that was soluble in water 
was determined by evaporating to dryness and heating at 110° C. 
for one hour, cooling the residue in a desiccator, and weighing. Other 
analytical determinations were made in the usual manner. 

RESULTS op PHTSICAL EXAMINATION OF BOCK SPECIMENS. 

In order to study further the character of these rocks, physical 
tests were made on lump specimens to determine the percentage of 
total pore space in which oil, gas, and water might occur or in which 
mineral matter might be deposited. For" this work we are indebted 
to A. F. Melcher, of the United States Geological Survey. The total 
proportions of pore space in the fragments tested are ehown in Table 
4 to range from 4 or 5 up to 18 or 19 per cent of the rock volume. 
Notwithstanding the care exercised in collecting the specimens, 
some of the lumps of rock that are thought to be pay sand, which 
■were obtained after productive oil and gas wells had been shot, may 
represent hard, relatively dense layers of the sandstone and not the 
porous, open-textured pay sands from which the oil and gas are de- 
rived. Apparently no consistent relation exists between the porosity 
of the sands and the size and shape of the component grains. The 
variations in porosity are due largely to the irregularity with which 
the sediments have been cemented both before and during the extrac- 
tion of oil and gas. 

In addition to the porosities shown in Table 4 Richardson * reports 
that some lump samples of the Hundred-foot sand collected in But- 
ler County, Pa., have total porosities as low as 4.5 to 7.3 per cent. 
It seems probable that the total pore space in the relatively open-tex- 
tured parts of the Hundred-foot sand may be at least 15 to 18 per 
cent or more of the rock volume, though we have no positive data 
on this subject 

1 Appalachian oil field brines ; Ecod. Geology, vol, 12, 
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22 WATERS ASSOCIATED wrTH peteoleum: ahd natdkal gas. 

CHABACTEKI8TICS OP THE OIL AND GAS IN THE 
APPALACHIAN FIELDS. 

The chemical examination by the Bureau of Mines of crude pe- 
troleum and natural gas collected during our field studies and the 
many other available analyses of the oils and gases from the areas 
studied * indicate that the oils are composed essentially of members 
of the paraffin series and contain no asphalt. It is evident from their 
generally low specific gravity, ranging from 0.6837 to 0.8482, and 
also from their fractional distillation, especially between ISC^ and 
800° C, that the oils, with but few possible exceptions, contain no 
considerable proportions of the aromatic series. The sulphur content 
of the oils is also insignificant. 

Analyses of niitural gas from the Appalacliian fields, reported in 
percentages by volume, moisture free, show that the gas consists es- 
sentially of the paraffin hydrocarbons methane and ethane. The 
usual methane content ranges from 66.0 to 98.0 per cent and that of 
ethane from less than 1 to more than 29 per cent. The carbon dioxide 
content ranges from less than 0.1 to more than 5 per cent; and 
that of nitrogen from less than 0.5 to more than 5 per cent. The 
oxygen content is generally less than 0.5 per cent. The proportions 
of hydrogen sulphide and other minor constituents are practically 
negligible. 

It IS unfortunate that little or no attention has been paid to the 
accurate determination of the moisture content of natural gas as it 
is drawn from the reservoir rocks and that inadequate study has been 
given to the physical and chemical relations existing between pe- 
troleum and natural gas on the one hand and their asso<^ated waters 
and reser^'oir rocks on the other. 



WATER-BEARING SANDS, 

In the Appalachian fields the oil sands of both the Pennsylvanian 
and Mississippian series are generally water bearing throughout, 
though some of the beds are locally termed dry because they do not 
yield perceptible flows of water into open wells. Thus in the Woods- 
field apd Summerfield quadrangles, in southeastern Ohio, the Big 
lime sand, a lenticular sandstone in the Maxville limestone, of late 
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Mississippian age, is locally termed dry, though in places within 
these quadrangles, it is characteristically water bearing. The Keener 
and Big Injun sands in southeastern Ohio are characteristically water 
bearing, though they too fail to yield appreciable flows of water in 
certain oil and gas fields and in some barren areas. In general 
wherever in western Pennsylvania paying quantities of oil are 

found in the "q2]T>4n' d-^'^t mW^i f^f pmhahla aarly MimU ni ppi a w 

age, that sand contains abundant^watfin^ 



Some of the oil and gas bearing sands are relatively free from 
water — ^that is, they fail to yield perceptible flows of water into 
open wells and are consequently termed dry sands. In some of the 
beds of the Devonian system or of probable Devonian age, more 
particularly those of the Catakill (?) formation in western Pennsyl- 
vania, the apparent absence of water is the rule rather than the ex- 
ception. Here again, however, the distribution of water is irregular, 
parts of the so-called dry sands evidently being saturated with water. 

We believe that in strata penetrated by the drill the existence of a 
sand actually dry of water is doubtful. The occurrence of small 
amounts of water in a sand may be overlooked because the water 
evaporates into gas entering wells, or because the proportion of 
water accompanying oil may be too small to be observed. Water is 
generally found at the bottoms of inclosed or covered field tank# 
that receive oil from so-called dry sands. Such sands are only rela- 
tively dry of water. The failure of a bed to yield a perceptible flow 
of gas, oil, or water into a well does not necessarily signify the ab- 
sence of any of these fluids. In beds such as shales and tight sands 
the rock interstices may be too fine to emit noticeable amounts of the 
fluids, or the fluid movements into a well may be so slow as to require 
several days or even weeks to make the presence of gas, oil, or water 
noticeable. The fact that water introduced into a well is absorbed by 
a sand indicates merely the comparative dryness of that sand but in 
no way signifies the absence of water. 

Several explanations have been offered to account for the so-called 
dry sands. In a recent contribution Reeves ' concludes that the " non 
water-bearing " sandstones of what has been called the Catskill J©p^ ■ 
«jatiOTijn_southwestern Pennsylvania and West Vii^nia were dried 
out wh ile exposed to the air under tha aemiarid_C(mditions which he 
auj!£o9es to have existed during the Catskill time. He further postu- 
lates the exclusion of water from these beds during later submer- 
gence, owing to the presence of interstitially included air. 
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The abundance of epigenetic minerals with which the so-called 
dry sands are cemented and which were evidently deposited from 
circulating water suggests to us the long-continued presence of more 
water than the so-called dry sands now contain. What therefore 
seems to be a nnore plausible explanation for the comparative dryness 
of certain beds is that the displacement of water in these beds by 
compacting and cementation or by the incursion of petroleum and 
natural gas ^ has been relatively complete, or that the sands may have 
been partly dried out by the evaporative processes herein described. 
In regard to this last suggestion, it is a significant fact that the water 
content of the strata decreases and that the degree of concentration 
of the dissolved constituents of the waters increases with increasing 
depth. 

An argument used by Reeves, that red beds are proof of the former 
existence of an arid climate, is somewhat weakened by the fact that 
red ferric oxide may be formed from hydrated ferric oxide by the 
dehydrating action of salt solutions, just as anhydrite is similarly 
formed from gypsum. Daubrfe* states that he carried out this 
dehydration experimentally in a saturated solution of sodium chloride 
at only 150° C According to him, ^filie de Beaumont ' seems to 
have been the first to point out the causal relation between salt for- 
mations and the variegated red tint of certain clays, sandstones, and 
evgn of salt itself. 

^ In showing that water does not always disappear at depth, Reeves* 
calls attention to the occurrence of salt water in the Lower Devo- 
nian rocks near Charleston, W. Va., and McDonald, Pa. In a deep 
well at McDonald, salt water was encountered at a depth of 6,260 
feet, presumably in the Oriskany sandstone, and rose 4,000 feet in 
the well. During the preparation of this bulletin we have collected 
and examined waters from the Upper Devonian series in Butler 
County, Pa., where the beds in many places are termed dry. 

Broadly speaking, we believe that within the Appalachian basin all 
the sands reached by the drill are water bearing and that there is no 
regional level of water saturation above which a deeply buried oil 
and gas bearing rock is dry. The so-called water surfaces, the upper 
limits of water saturation, and the so-called non water-bearing por- 
tions of the oil and gas bearing sands are only local in their 
occurrence. 

'Johnson. H. H,, The rOle anfl fate of the connate watec In oil anil gas Bands: Am. 
iDBt. Mln. Ene. Trans., vol. 51. pp. 587-592, 1916. 

'^tades et eipirlencee BjothMlciiieB snr le metamorphlBme : Aaaales ilea mines, Gth 
ser., Tol. 16, p. .411, 1859 ; Smithsonian Inst. Ann. Kept., ISei, p. 270. 

' Danbrfe'a reterence la " Explication de la carte g&logfqae 3.e France, vol. 2, p. 94." 

* Beeves. Prank, The absence of water in certain Bandatones o( the Appalachian oil 
Helda : Econ. Geolog;. vol. .12, pp. 864-ST8, 1917. 
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The irregular distribution and arrangement of the gas, oil, and 
wa.ter contents of the productive sands are due, no doubt, to a com- 
plex succession of events in which rock movements, the displacement 
of water by oil and gas, compacting and cementation of the sedi- 
ments, conditions of structure, texture, and lenticularity of the beds, 
the evaporation of water into moving and expanding gases, and, 
^nally, the movements of the fluids incident to gas and oil extrac- 
tion by man have afforded important modifying conditions. 

Surface waters are constantly percolating into the shallow rocks, 
so that near the surface and near the outcrops of the reservoir rocks 
the saline waters undergo dilution by incursions of water from shal- 
lower sources. The distribution of typical Appalachian oil-field 
brines, having only chloride salinity, is therefore limited to those beds 
in which the excessive influx of surface water has been prevented. 

.MODE OF OCCURRENCE OF PETROLEUM, NATURAL 
GAS, AND WATER IN THE WATER-BEARING SANDS. 

OIL, QAS, AITS WATEB IHIXTUBES. 

In order to explain more clearly the changes that the waters asso- 
ciated with petroleum and natural gas undergo during the extrac- 
' tion of these substances from their reservoir rocks, it is necessary to 
consider the mode of occurrence. A fact that seems to have been 
generally overlooked ia that in most of the water-saturated pay sands . 
in the Appalachian fields the natural segregation of gas and oil 
above water is very incomplete, so that gas, oil, and water occur in- 
timately mixed in the interstices of the pay sands. Munn' has. de- 
scribed this mode of occurrence of petroleum in the Sewickley quad- 
rangle, in Pennsylvania, where portions of the Hundred-foot sand 
were inferred by him to be completely saturated with mixtures of 
oil and water. Field observations supplemented by inquiries among 
operators in the Butler and Zelienople quadrangles, in western Penn- 
sylvania, have led to the conclusion that similar mixtures occur in 
the Hundred-foot sand throughout thtsc two quadrangles. A more 
thorough investigation in the Woodsfield and Summerfield quad- 
rangles, in southeastern Ohio, affords convincing evidence that this 
is a common mode of occurrence of both gas and oil in the water- 
saturated sands in these areas. This mode of occurrence of mixtures 
of gas, oil, and water involves a very indefinite demarcation between 
water and overlying mixtures rich in the hydrocarbons, the so-called 
oil-water surfaces being extremely irregular gradations from mix- 
tures containing large proportions of oil and gas to mixtures less rich 
in these substances or to water containing too little gas and oil to 
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warrant production. Where the top of a typical water-bearing pay 
sand is relatively high, owing to folding or to the lenticular character 
of the sand, gas and oil are frequently found more completely segre- 
gated above the water than in the adjacent portions of the same sand 
where the mixtures are less rich in gas and oil. 

Another important fact, brought forth by these detailed studies, 
is that the so-called oil-water surfaces, the irregular and indefinite 
contacts between oil and water, appear from well logs to be inclined 
in the same direction as the tops of the pay sands, though less steeply. 
Such inclined oil-water surfaces in Oklahoma have been described 
by Beal.i 



Evidence bearing upon the conditions above set forth has been 
procured by inquiries among oil and gas men, together with detailed 
observations in the different fields that we have studied. Gas, oil, 
and water are generally produced simultaneously from wells drilled 
either to the tops of water-saturated pay sands or only a few feet 
into them. Many of these wells continue to produce mixtures of oil 
and water together with gas for periods of 10 to 30 years. Some of 
them flow at first several hundreds or thousands of barrels of mixed 
oil and water a day. Those that originally yield large quantities of 
oil with practically no water generally yield both water and oil as 
the Initial rates of flow diminish. These phenomena are due partly 
to the differential flow of oil and water through the sands, but it is 
not probable tliat great volumes of oil, gas, and water would be 
yielded together from the top of a pay sand just tapped if the segre- 
gation of the gas and oil above the water were at all complete. 

In several fields it has been possible to compare the yields from 
individual wells that were first drilled to the tops of the pay sands 
and were subsequently drilled deeper into the same pays. For ex- 
ample, a well near Miltonsburg, Malaga Township, Monroe County, 
Ohio, was first drilled 3 feet into the Keener sand in November, 
1915, and had an initial daily rate of production of 9 barrels of oil 
with 12 barrels of salt water. After having been pumped for three 
months the well was yielding only 3^ barrels of oil a day, though 
the daily production of water remained at about 12 barrels. In 
April, 1916, the daily rate of oil production had declined still fur- 
ther, though the water production remained about the same. The 
well was then drilled 6 feet deeper into the pay sand and yielded 
7 barrels of oil a day, with about 18 barrels of salt water. If at this 
place the segregation of oil above the water had been nearly com- 
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plete, the increase in depth of the well would probably have brought 
about a relatively large increase in the amount of water produced 
and a correspondingly small increase in tKs amount of oil. On the 
contrary, however, the production of oil was increased 100 per cent 
by drilling the well deeper, whereas the production of water was in- 
creased only 50 per cent. The oil and water must have been rather 
intimately mixed, a large proportion of the oil occurring below the 
water that was being produced before the well was deepened. 

The example cited is typical of a large number of such occurrences 
reported during our field studies. It must be noted, however, that 
drilling wells deeper in water -saturated sands is dangerous, because 
of the large amounts of water that may be encountered under the 
rich oil and water mixtures in the same or underlying pay sands. 
Many valuable wells have been spoiled in this way, 

TEUPEBATUBE AND FBESS1TBE. 

The temperatures at which oil, gas, and water occur in their reser- 
voir rocks were not measured during our field investigations but are 
shown by the deep-well temperature measurements of Hallock,^ 
Johnston,* and Van Orstrand ' to range fmnri j[p° nr 1Q° f,, ^ a'd^>fih 
cif 1 .n pO f wt t to about S3° to 36° C. aLS-d^h of S^Opq feet. To what . 
extent the rocks together with their included waters and hydrocar- 
bons have cooled subsequent to periods of regional deformation or 
subsequent to periods of deepest burial is of course uncertain, but it 
is reasonable to assume that the waters under scrutiny have been sub- 
jected to much higher temperatures than those just quoted. Such a 
supposition is strengthened by the occurrence of highly heated saline 
waters in the oil fields of Louisiana and Texas. 

Data relative to initial gas pressures encountered in various reser- 
voir rocks were furnished by operators. These pressures range from 
only a few pounds to the square inch in the shallow sands to several 
hundred pounds in the deeper beds. In the Woodsfield and Summer- 
field quadrangles the initial gas pressures may be summarized aa 
follows : Big lime sand, 400 to 440 pounds to the square inch ; Keener 
sand, 470 to 480 pounds; Big Injun sand, 500 pounds; Berea sand, 
565 to 735 pounds. In the Butler and Zelienople quadrangles the 
following initial gas pressures in the deeper sands are reported: 
Hundred-foot sand, 750 to 810 pounds to the square inch ; Third sand, 
750 to 820 pounds ;, Fourth sand, 810 to 930 pounds, and Fifth sand, 
860 to 873 pounds. 

iHaUock. WUItani. Subterraoeon temppraturea at Wheeling. W, Va.. and Plttsbursh, 
Pa. : School of Mines Quart., vol. 18, pp. 148-153, 189T. 

'Jobsstou, John, Note on the temperature In the deep boring at Flndlay, Ohio: 
Am. Jour. ScL, 4tb aer., vol. S6, pp. 131-18S, ISIS. 

'Van Oratrand. C. I-. onpubllahed manuacrlpt, U. 8. Oeolt^cal Survey. 
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The following table contains some data from the literature an<i 
from our unpublished not«s on gas pressures : 

Table 5. — IniUal gas pressure* at different depths in teveral gat fields. 
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o Rogeis, Q. 8., The Cleveland gas fleld, Cuyahoga County, Ohio: U. S. a«^. Surrey Bull. 6ei, p. 37, 
S17. 

iiVaiiHonLF. R.,Reservoh' gas and oil hi tJievlchiltyoI Cleveland, Ohio: Am. Inst. Uin. Enf. 'Dnms., 
■nl. SB.n.taB. 1B17. 
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Dr. I. C, White * reports gas pressures in West Virginia ranging 
from 600 pounds to the square inch in the Big Injun sand to as much 
as 1,800 pounds in a sand 4,090 feet deep, Bogers' reported gas 
pressures of 800 to 1,100 pounds to the square inch in the so-called 
Clinton sand near Cleveland, Ohio. 

Table 5 shows that in several localities there is a rough proportion 
between initial gas pressure and depth, especially in the deeper sands. 
It is well recognized that gases forming from organic matter develop 
pressure when confined. To what extent these gas pressures or " rock 
pressures " are due to this or other causes is problematic, but whatever 
the source or origin of the gases and the causes of tlie pressure, the 
table suggests that there liave been adjustments of pressure according 
to depth. It seems probable that hydrostatic pressure, weight of 
superincumbent strata, rock movements, deep-seated thermal con- 
ditions, the long-continued formation of natural gases, and the re- 
sistance to fluid movements through the strata all enter into the 
causes for "rock pressure." In other words, "rock pressures" are 
not necessarily " fossil pressures " but represent a summation of 
effects from remote time up to the present. 



CHARACTERISTICS OF THE APPALACHIAN OIL AND 
GAS FIELD WATERS. 



As the result of our studies we have concluded that the deep- 
seated Ap£^lachianjiiLaiid gas field brines -ace^iiL_part, the deriva- 
JjjlC^ nf fftrmfr f>rpj n wat ftr. Certain fundamental differences in 
composition, however, exist between ocean water and the waters 
under consideration. These differences have been noted in the 
literature * and are strikingly shown by Table 6. In the part of the 
table on page 30 analyses of the dissolved solids are expressed as per- 
centages of the several constituents. The proportions of total dis- 
solved solids in the different waters are also shown here, in terms of 
grams per kilogram or grams per liter. On page 31 are shown ratios 
of some of the constituents to chlorine. As the_ chlorine content of 
the dissolved solids in the waters under comparison is more uniform 



■Rosere, 6. 8., Tbe CleTeland gas fleld. Cnyaboga County, Ob|o: U. 8. Oeol. Surre; 
BhU. 861. p. 37, 1917. 

■ Hunt, T. 8., Cbenilcal and geological eaiaf B, pp. 11-12, Boston, lS7Ei. Palmer, 
Chase, Tbe geochemlcal Interpretation at water anal^Mw ; U. S. Geo). Santj Bull. 476. 
Table 2, opposite p. 14. 1911. WasMmrne, C, W„ CMotWei Id oU-fleld waters : Am. 
Inst. MlD. Bug. Ttub, toI. 4S, pp. 6ST-493, 1914. 
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than that of the other constituents or of the total dissolved solids 
themselves, the ratios of the different constituents to chlorine are 
used as a basis for comparison. The ratios are first stated in terms 
of the actual percentages of the dissolved solids. In the lower part 
of the table these ratios are expressed in terms of the chemical 
reacting values of the constituents. The principle of reacting values 
has been applied in the interpretation and comparison of water 
analyses by several American investigators, among whom may be 
mentioned Stabler,* Palmer,^ Spencer,' Emmons and Harrington,* 
Van Winkle,' Waring,' Clapp,' Siebenthal,* and Rogers.' 

Table 6. — Comparison betw 
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' Stablet, Herman, IndOBtrlal water analyses and their Interpretation by the engi- 
neer : Eag. News, toI. 60. p. 355, 1908. 

'Palmer, Chase, The geochemlcal Interpretation of water enalfses: V. S. Oeol. 
Survey Bull. 479, pp. 12-14, 1911 ; Mineralogy of waters from arteslao wells at CtmrleB- 
ton. a. C. : U. a. Oeol. Sorvej Prot. Paper 90, pp. 82-83, 1914. 

■ Speucer, A. C., Chalqoclte enrichment : Econ. Geology, vol. S, p. 640, 1913. 

■Emmons, W. FT., and Harrington, Q, L., A comparison of waters of jnines and hot 
aprtnga: Bcon. Geology, to], 8, p. 6S1, 1813. 

•Van WIntle, Walton, QuaUty of the snrface waters of Washington: U. B. Geol. 
Sucre; Water-Supply Paper 339, pp. 34-3S, 1914; Qnallty of tbe surface waters of 
Oregon ; V. 8. Geol. Surrey Water-Supply Paper 363, pp. 37-38, 1914. 

•Waring, O. A., Springs of California: D. S. Geol. Surrey Water-supply Paper 338, 
pp. 22-23, 1814. 

' Clapp, C. H., Sharp Point hot spring, Vancouver Island, British Columbia : Canada 
GeoL Snrvey BunUDary Kept, for 1913, pp. 80-83, 1914. 

' Siebenthal, C. B,, Origin of the zinc and lead deposits of the Joplln region, Mts- 
eouri, Eanaas, and Oklahoma : TT. S. Geol. Survey Bull. 60G, 1915. 

■Bogera, G. S., The Interpretation of water analyses by the geologist: Eeon. Geology, 
vol. 12, pp. SS-8S, 1917 ; Chemical retatlons of the oILfleld waters In Ban Joaquin Valley, 
QO. : U. S. Geol. Survey Bull. 653, 1917. 
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Table 6. — Comparison beiic€cn oceon icoier and Appalachian oil, etc.- — Cuntd. 
IUtl« »I tb* perontacH at «rtala canitltiunti to that nf dilarlne. 
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It will be observed, by referring to Table 6 and to the analyses 
■ quoted on pages 33-39, that thfe concentration of the Appalachian oil 
and gas field brines ranges from slightly less to several times greater 
than that of ocean water. Q The ratios of sodium to chlorine, mag- 
nesium to chlorine, and sulphate to chlorine are all smaller in the oil 
and gas field waters than in ocean water, sulphate being compara- 
tively absent in the oil and gaa field waters. In contrast to this, 
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the ratios of calcium to chlorine in the oil and gas field waters are 
much greater than in ocean waterj 

By comparing the analyses of bitterns derived from the evapora- 
tion of ocean water (3 and 4 in Table 6) with the analyses of oil and 
gas field waters shown in the same table, it mlLba ob served tha t the 
differences betw««i these types of brine become more striking as the 
evaporation of the ocean water progresses. This is due to the order 
of d^osition ©£.tiie dissolved constituents from ocean water during 
SOOcfintiatwu^ Calcium. is deposited as carbonate and sulphate, but 
magnesium is retained longer in solution, the proportion of this con- 
stituent being consequently increased as calcium is eliminat«d. 
After the elimination of calcium, the proportion of sulphate remain- 
ing in solution increases, as is shown by analysis 4, Table 6. The 
sodium content of some bitterns derived from ocean wat«r may be 
comparable with the sodium content of oil and gas field brines, but 
the other differences are none the less pronounced. These items make 
it apparent that the oil and gas field brines under consideration have 
not originated merely from the concentration of water such as now 
constitutes the ocean. 

By applying Palmer's system of classification,^ the reader will see 
(Table 7) that the properties of reaction of all the oil and gas field 
waters whose analyses are shown in Table 6 lie approximately be- 
tween those of normal ocean water and the concentrated ocean water 
represented by analysis 4, The properties expressed under 9, Table 7, 
approach most nearly those of normal ocean water, and the proper- 
ties expressed under 6, Table 7, approadi most nearly those of the 
concentrated ocean water (4). Although, as expressed by Palmer's 
classification, the properties of reaction of the waters under compari- 
son have striking similarities, it must be noted, as shown in t^e pre- 
ceding discussion, that the saltness of normal and concentrated ocean 
watera is due partly to sulphate, whereas the saltness of oil and gas , 
field waters is due almost entirely to chloride. It should also be 
noted that the proportion of magnesium in the constituents of nor- 
mal and concentrated ocean water is greater and the proportion of 
calcium is less than in the constituents of the oil and gas field brines. 
Water with the properties expressed under &, Table 7, and the com- 
position expressed under 9, Table 6, might be derived from normal 
ocean water by concentration if practically all the sulphate and part 
of the magne^um and sodium were removed and a certain amoimt of 
calcium added. In the succeeding pages we show scHne of the prob- 
abilities regarding these changes. 

BnalTseB : TJ. B. Geol. 



byGoogIc 



CHARACTERISTICS OP THE WATERS. 













J>n)pertleaoI reaction. 




ol ooeto wsUr.' 




Ohio. 




■ 


■ 


3 


* 


5 


8 


^ 


8 


B 


■PtH™. «ir„it 


20.8 


'.i 


!i:S 


uis 


60.2 

30.S 


«a.s 


To 


m* 


















m. 


100.0 


mo 


mo 


loao 


ioo.o 


100.0 


loao 


loao 



a TbB waters whose properties of reaction »re shown In this table are the same as those shown In Table fl. 

ANAI.TSES OX' ATPAIUA.CBIAN OH. AND OAS FIELD WATESS. 

Table 8. — Analvaet of wateri from the Hundred-foot sand. 
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91818°— 19 3 
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84 WATEBS ASSOCIATED WITH FBTBOUSUM Aim NATUBAL GAS. 
Table S. — Anotv»e* of wateri from the Bundred-foot tand — Conttnned. 
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tletermlDcd bf w7 _. 

GeoloiT, ToL 12. p. 89, ISIT. 
". Brine from fii— — ~- •-- 



Hlcki ; the rest of the determinations b; B. K. Batlej, Kcc 



by Parker A Edwuda Co, S. C. _ ._ . .. 

S. Brine rroDi nnndred-foot sand; well No. 
Bntler towQBtilpB, Batler Coont;, Pa. Sample 



rell Nd. 1, Harlan Boot 



'., IHnimore, analfit. 



jnd red- foot und 



> 1,887 feet; well 1 



Cooper tarm. PeoD TowDshlp, Butler ConnCy, Pa. Thin was an oil well drilled aboo) 
one /ear prior to the collectfnK of the Bample. 8. C. Dluamore, analyst. 

5. Same water as No. 4. Cbas* Palmer, BDalyat. 

6. Brine froin Hundred-loot aaud, well on the 
dammit TowoBhlp, Bntler CoDoty, Pa. Sample 
Dlnsmore, analyst. 

7. Brine from Hundred-toot sand; depth 1.170-t-feetj old UcCarrier A Wald well on 
Mcarath taim, Pine tract, Center Township, BnUer Ownty. Pa. Sample collected In 
AoKiiBt. IBIG. Sample was clear when collected, bat reddish-yellow precipitate formed 
on Htandlng 24 hoars. B. C, Wella, analyst. 

Table 0. — Analv^eg of icaterg from various tandt. 
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<> rarrous Iron. 
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OHARACTBRISTICS OF THE WATERS. 



Table 9, — Analyses of loaterg from various »anA» — Contluued. 

Buetbic Talua, in nllUcnuB •a<il**!*>>ti p« liter. 
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I. Brine from Five Bandred-toot sand ; deptb ISO 



Center TownBblp, Noble Count 
from which the Hample was Cuxm^icu . 
that yielded small amounts ol oil (or a 
'-■-- ' The sample was ' — 



t ; well No. 7. Torbies tnria, 
let-Liju in December, Iftl.*!. "*""" """ 



collected, I 



. . _. shallow-sand wella 
, IBIT, the well was not 
rUBtf ;eIlow precipitate 



On 



piping tn the well, but it in evident that 

acted with the Iron upon Btaudlng. Chase Palmer 

9. Brine from CowTlnn sand; depth BOO teet ; 
__ „ ,. — ™ .J Countj, W, V- "— J- 



B precii 

1 i.:ii'OU14 BUlpbldf. 

■Ibuted by the Iron 
BDt and thHt it re- 



. . jclpitate was replaced by a black ] 

1 whether the Iron was originally present i 
■- --•'--' "--' •-■-'- Bulphii 

fell of American Oil Developme. 

„. Production of water 2 barrels doll;. 
jjinsiiiure, analyat. Reeves. Frank, Eeon, fieoiogj, vol. 12. p. 374, 1917. 

10. Brine from Salt sand; deptb 1,600 teet; S. E. ElUot well No. 12, 
Co., Bell Bun, Lafajette district, Wirt County, W. Va. Production of water ao oarreis 
daily. 8. C. DlQKmurB. analyst, ReevcB Frank, op. clt., p. 37i. 

11. Artesian water troi^ sballow-eand well on Neigh farm, Summit TownBhip, Butirr 
County, Pa. Water comea from depth of about 360 feet. S. C. Dlnsmore, analyst, 

12. Brine from Maxton sand ; depth 905 teet ; well No. 1, David BInti farm. sec. S3, 
Malaga Township, Monroe CouDty, Ohio, near Monroefleld. Well drilled In Ausust, 
1012 : sample collected In Novemlier, 1916. Very dark green to black oil. containing 
brownlBh-yellow 8peck>i collected with the water. Bust-colored precipitate at bottom 
of bottle after standing 4S boars, B. C. Wells, analyst, 

IS, Brine from Big lime sand; depth 1,431 to 1,444 feet; well Na 5, F, Mellotte 
farm, northeast corner of Malsga Township, Monroe County, Ohio. Sample collected 
April 24, 191B. 8. C, Dinemore, analyst. 

", Bclnc from Big lime sand; depth 1.839 to 1.34S teet; well No, 1, EggfT Bros." 
--- "" ■■ • - -- ■■ -- - - "■ ■ r MUtonabnrg. -^ " 



South Peon t 



farm, sec. 10, Malaga Township, Monroe Coonty, Ohio. 
Dieted in January. 1916 ; sample collected in Sep*— '— ■ 
Cow production 1.500,000 cubic feet a d-- ■-• 
square Inch, Production of water li barr 



. 360 pounds to the 
week. Black deposit on Inside of bottle 

„__, flocculent precipitate Boating at top of 

— _ . -Iffhter-colored gray flocculent precipitate at bottom of bottle. 

I oil was present. B, C. Wells, analyst. 

IS. Brine from Keener send; depth 1,4S1 to 1,469 teet; weU No. 2. J. B, 8n)tt farm. 

__ , ^. ^g^^^J^ Township, Monroe Coonty, Ohla Sample collected April 24, 



1»16- 8, C. DInsmi 



36 WATERS ASSOCIATED WITH PETEOLBUM AND NATDBAL GAS. 



Tabis 10. — Anali/ge» of watert from the Keener tand. 
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a FeiTouBlron. » AliOri-Fe^t 

16. Brln* from Keener sand; d6pthl.*65 to 1,471 te«t; well No. 
d Uaicnsburg, MaUga Township, Mooioe County, Ohio, " 

barrels olo^l a dav, with large at *- -* •• " — 

Aprll24,ie" "^ " *■•- 



iav, wfth 1 
The we Hi 



1 and vaa drilled in Uareb, 



luctloQ from th!a new weU, 1£0 
when the sample wag coUectedv 
" " TJInsmore, analTst. 
1} miles soulheaat . 
B. C. Diosmore, 



t«nbeT,]9ie. <5hc 
W. Brine <ri,m 1 
Townahli 



Ip, Ui 
f , Mil 
beted, but a r 

20. Brinefrom Keenersand; depth 1, 
bory Township, Monroo County, Ohi< 
well, drilled In 1901. Tlie welliarepor 
with very little water at first. In J 
bairelB of water. Sample collected in 

21. Brine from tho same well as that 
Pslmer, analyst. 

22. Brlca Irom Keener Band; depth ] 
FleauDts County IV.Va, B.C. Sinn 



Palmer, analyst. 

Boer sand; depUi 1,302 feet; well No. 4 (oil weU), C. I. Clause farm, sec. 21, Malass 
bounty, Otclo, near Monroefleld. Well drilled in July, 1913; sample collected tTo- 
II amber-colored oil was collected wllh the water. The water was clear when ool- 

rusty precipitate settled at the bottom of the bottle within 21 hours. B. C. W^ 



1,488 feet; well No. 2, 1. B. 8cott (arm, 1 
.( a mile southeast from Jerusalem viliagi 

1B16, it was yielding dall" 2 barrels ol 
1st, 1918. Chase Pahner, analyst. 



K. i arc. 23, Sans- 
Old oil and Eaa 
' 3IM barrels a iby 
I togetber with G 



icrlbed under No. 1' 



in September, 1916. Ouisa 
I, Cave Run, 



CHARACTEBISTTCS OP THE WATEBS. 
Table 11, — Analyses of waters from the Big Injun sand. 

Graui per Hter. 
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23. Brine (rom Big Injim sand; d 
Marton Township, Noble County, C , 

24. Brine fiom BIk Injun sand: depth 1,425 leet; Carter O: 
Paden aty, Wetiel County, W. Vs. Production ol wat 
Beeves, Frank, E«iQ. Geology, ™l. li p.374. 1917. 

as. Brine Irom Big Injun sand; depth l,35Sreet; E.^ 
Monroe County, Ol5o. Production ol waters 6 ' 
op. cit., p. 334. 

28. Bnne Irom Big Injnn sajid; depth 2,000 fei 
Mnddy Creeli, Tyler County, W. V "-- — — 
Beeyea, Frank, op. cdt., p. 3T4. 



B. C. Dinsmore, o] 



^. C. Dlnsmore, a 



11 No. 1, Istdab B^er fann, 
' " C. Dlnsmole, analyst. 
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38 WATEBS ASSOCIATED WITH PBTROLETTM AND NATURAL GAS. 
Tabib 12. — Anal]ftei of wateri from the Berea »and. 

Gnu per UUt. 
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Z7. BriQentMU Berea ssiid:deptb 2,141 to 2,102 te«t; well No..4 (old oil welt), Taylor heirs' farm, 3 miles 
east of Woodsfleld, Center Tonusliip, Honioe County, Ohio. Sample colleoted April 2G, lUls, from a 
uparaUng tank at the veil; had probably undergone dilution after being brought I0 the surface. S. C. 
Dmsmofe, uislyst. 

2S. Brine from Berea sand; depth, l,T4S to 1,T«0 feet; well No. 2 (gas well), Gullc 
Bummorflold, Marion Township. Noble County, Ohio. Bainple collected April 28, IE 
analyst. 

29. BriOB from Berea aand; depth 1,570 to 1,592 (eet; well No. 2, 3, 1.. Murphy 6 , ..„. 

Seneca Township, Noble County, Ohio- Bample collected April 30, 1915. S. CD msmore, analyst. 
.30. Brine from Berea sand; depth 1,727 to l,7«l feet: well No. 1 (rtd oU well), J, A, Adams tsrm, half a 
mllewestotBamesvllle.WaiTflu Township, Belmont County, Ohio. The well was vleldine 43 barrels of 
oil and 8 barrels (rf salt watei a month when Tlsited in June, laia; thelnltlsl yield of (^ from the well about 
30 yews prior to Oila ma about 180 barrels ol oil a month. Both oil and gas were produced in this Qetd 

form, 2 miles 

weU a year pcevlously. Chase 



Sample oidleoted loir i!4 UIO. caiaw Palmer, analyst. 
81. Brine Itom Berw sand; dapth 3,141 to %183 1^' - 
strtWoadsaeU.CetiteTTawnshlp.UmraaCouni 
190S. Bami' ' "" ■ " " 

IT, analyst. 



1; dapth 3,141 to ^183 feet; 1 

esstrtWoadsaeU.CetiteTTawnshlp.UmraaCounty.O] — 

since 1906. Sample ooDectad July 35, 1018; sample 37, collected from sa 
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CHABACTEKISTICS OF THE WATEBS. 



Table 13. — Analy»es of tcatert from various 
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whan the samplfiwoaaollflctfld. __ _ _ 

33. Brine trom Thinl or Fouith ( T) aand; depth 1,842 to 1,870 feet; 1 
Pnm Towuahl]), Bntler County, Pa. The Idtlat production of oU 
nported to have been 100 bairela o[ oil daily, with very little water. 
— aeoolleote^ the well was lialdlng thrc - ■---'-- -•- ■- -■ -■ 



Trace of Ba. < Trace o[ COi. 

B. KallT (arm. Tfoneata Township, 

1; but had declined to 3 barrels daur 

Sk. Eeon. Geolc^y, vol. 12. p.374, 1917. 

™ll No. 2 (oil wBli), Cyrus Step tann, 

from ttiia well, about 10 years ago, u 

In August, 1915, when the sampte 

«ae uuiioisuu, uiB wBu was viBiuiuif iuriw.iuiirLiia ur a uarrei uj oil and 10 l:>arTela oisalt water ft day. The 

usual yelbwuh precipitate loimed at the bottoni of the bottle upon standing. R. C. Wells, analyst. 

34. Brhubun Fourth sand; depth 1,623 to 1,654 feet; South Fenn Oil Co's, well No. I on D, C. Rankin 
fBim, FalrVinr Township, Butter County, P&. Production ol water li barrels dally. 8. C. ]>iiisniare, 
auilyst. BaevM, Frank, op. cit., p. 374. 

35. Brine from Bowldersand, depth 1,701 to 1,720± feet; wall No. 1 (oew oil well), Mrs. Henry Welsh 
farm, Penn Townah^, BatlerCounty, Fa. Sample coUectad hi Seplembei,'ICI15. B. C. Dhiamore, analyst. 

36. DupUoateof Bunple35. Chase palmer, ar^yst, 

37. Brine bom FlRh sand; depth 3,100 leet; well No. 1 ol South Penn Oil Co., on Usg^ McDonald brm, 
UeDonald, AUegbenv Connty, Fa. Production of water 1 or 2 barrels dally. B. C. Dhismore, analyst. 
Reeres, Frank, op. eft., p. 374. 

38. BtlneIramPeop[MMatuia]<HsCa'B.w«ll,8niJlessoathwcstofImperlal,Wa3hln£ton County, Pa. 
Depth of Wll whan aunple was collected 6,300 leet. Oeoliulo horliOD betteved to be tbal of Orlskany 
sandstoDe. The water rose 4,0D0 feet In the weU. This water b remarkable lor tta very high oonteut of 
itrontlum. Ococee atelEw, analnt. U. S. QvA. Survey Water^upply Faper 364, p. 9, IQU. 

39. WaterfrAmadeepwcUonSlaugjitaraCreek.iieartWbilig.wTVa. The water Is said to occur at a 
dimth of&SOO feet In a ittatomofflDe black sand wboWgeoliHloborlson Is not reported. The water ro« 

10 wgllaboat 3,000 fNt. SamplseolleotedlnIaly,19l£by wllllamSeymout Edwards OUCo,, Charles- 



ton and EaDaiAa,W.Va. ChaseFi 



>1. Borvey Water-supply Paper 364 , p 



40 WATEBS ASSOCIATED WITH PETEOLEUM AITO NATUEAL GAS. 
SHAXXOW •WELL WATEBS. 

The 15 analyses shown in Table 14 are selected from the files of 
the water-resources branch of the United States Geological Survey 
and represent waters from fallow wells in or near the areas studied 
during the preparation of this bulletin. Though all the analyses 
except No. 15 were made to show the quality of the water for use in 
boilers and are incomplete, they nevertheless afford a good idea of 
the character of the waters from the shallow rocks. 

Ground waters "f ino^jviT-ip. nT{p^■n^ such as are obtained from shal- 
low wells, when percolating through soils and rocks near the surface 
take into solution various mineral constituents, so that the nature 
and proportions of the dissolved constituents depend largely on the 
kinds of rpflr ™^*^ -B^Yifh tVia ^nj-gra hnvp ViPPn in ronf^pt..^ CaUilUQ^ 
magnesiii ^i n"'^ ■^nrhnTmfj are charac teristic_Ql wntfrff 'i ^!m~^""" 
^eas. oulphate^^ generally a derivative of surface oxidation. 
^ Sodium, whose reacting value exceeds the combined reacting valu^ 
of chlorine and sulphate in the waters represented by analyses 2, 8, 
9, and 15, has doubtlBs& been derived from rocks rich in sodium- 
bearing minerals. Chlorine lis present in all the waters analyzed 
find has been acquired "eitJier through the leaching of soluble chlo- 
rides from the shallow rocks or by the mixing of normal ground 
waters with chloride waters such as constitute the deep-seated brines. 

The proportion of chlorine varies too much to warrant its use as 
a basis for extended comparison, but by comparing the analyses 
given in Table 14 with those g^ven in Tables 8 to 13 a few broad dif-' 
ferences between the shallow and deep waters are apparent. The 
proportions of total dissolved solids in the shallow waters are ex- 
tremely diverse but are always smaUer than in the deep-seated waters. 
All but one of the shallow waters contain a. relatively large propor- 
tion of sulphate, and the reacting, value of this constituent exceeds 
that of chlorine in each of the waters represented by analyses 1, 2, 3, 4, 
11, 12, 13, and 14, The proportions of sulphate in the deep-seated 
brines are practically negligible. The shallow waters are character- 
ized by a large proportion of carbonate, whereas that constituent is 
present in relatively ^uall amount in the deep-seated waters. In all the 
shallow waters except the one represented by analysis 2 calcium ex- 
ceeds magnesium. This relation also holds in the deep-seated waters, 
but thfi proportions of calcium and magnesium in the dissolved solids 
of the shallow waters are larger than in the deep-seated waters. In 
each of the shallow waters except those represented by analyses 3, 5, 
6, and 10, the reacting value of sodium is either equal to or greater 
than that of chlorine. In the deep-seated brinss the reacting values 
of sodium are less than those of chlorine. 
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A wide range of properties of reaction of the different shallow 
waters is shown in the lower part of Table 14. Primary salinity 
predominates in waters S, 8, 10^ and 15. The secondary chloHde 
salinity of waters 3, 5, 6, and 10 indicates that these approach most 
nearly the deep-seated oil-field brines. Primary alkalinity is the pre- 
dominating property of reaction in waters 2 and 9, and secondary 
alkalinity is the principal property of reaction in the waters repre- 
sented by analyses 1, 3, 4, 7, 11, 12, 13, and 14. Though primary 
salinity predominates in the waters represented under analyses 8 and 
15, the total properties of reaction of these two waters are also made 
up partly of primary alkalinity. Primnrj nllfnlinity in ihf, drrp 
s ^ted brines of the Appalachian fields is exceptional. 

\ The large proportions of total dissolved solids, the relatively large 
proportions of chlorine with respect to sodium, and the compara- 
tively small proportions of sulphate, due possibly to precipitation or 
reduction in the waters represented by analyses 5 and 15, lead to 
the conclusion that th^eJKat£ls_aEg rpjjtt'"'''" "^ wHt ers fro m shallow . 
PlF^ dfi?p 'i"ipf-ps. I Waters such as these, which are intermediate 
between normal ground waters and deep-seated brines, deserve fur- 
ther study than we have been able to give them. We have found it 
difficult to procure representative samples of such waters, which are 
unsatisfactory for industrial uses and are also generally excluded 
from deep wells by casings. It is probable, however, that studies 
of the waters accompanying oil in the shallow-sand fcerritories of 
the Appalachian fields and of the waters immediately above and 
below the shallow oil sands would show, in places near the outcrops, 
evidences of the incursion of ground waters. The gradations from 
normal ground waters to characteristic deep-seated brines must 
depend partly on the extent to which the deeper waters have received 
acces^ons of shallow ground waters. In the succeeding pages we 
show some of the reactions that ai-e involved when shallow ground 
waters of one type leak into oil wells and mix with deep-seated 
waters of a different type. We believe that similar changes have 
occurred in past geologic time, and this belief is strengthened by the 
fact that the reactions that would be produced by mixing and con- 
centrating certain deep and shallow waters would bring about much 
the same difference that we observe between deep and shallow brines. 
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CHANGES IN OIL AND GAS FIELD ' WATERS AS 
DEDUCED FROM FIELD OBSERVATIONS AND CHEMI- 
CAL ANALYSES. 

HINXKAI. SEP08XTI0N SUBINQ THE EZTBACTIOH OF OIL AJfD 
OAS. 

The field observations and preliminary deductions upon which the 
studies outlined in this paper are largely based are here given in con- 
siderable detaiL 

The so-called salting up or clogging of gas wells oy deposits of 
fiodium chloride, a matter with which most petroleum geologists who 
have worked in the Appalachian fields ar^ familiar, is a common 
cause of trouble to gas-well operators. Another cause of trouble that 
has not been generally recognized is the clogging of the productive 
sandstones themselves by the deposition of inorganic mineral matter 
in the rock interstices. During the field investigations in south- 
eastern Ohio and western Pennsylvania preparatory for this report 
it was noted that tubings were pulled from oil and gas wells be- 
cause newly deposited inorganic crusts had so caked the productive 
sands and the tubings of the wells as to interfere seriously with pro- 
duction. Pieces of sandstone that were shot and cleaned from old 
wells were crusted and impregnated with similar newly deposited 
' materials. 

Many instances of the " salting up " of gas wells were reported 
that could not be investigated, so that information on this subject 
has been partly obtained from operators. We are indebted to Mr. 
M. E. Lytle, of the Ohio Fuel Supply Co., for the following account 
of the deposition of salt in a gas well in Harrison Township, Knox ' 
County, Ohio. The well was drilled to the so-called Clinton sand, 
in which gas was encountered at a depth of about 2,700 feet. The 
sand was apparently dry of water, was 34 feet thick, and, under 
conditions of open flow, yielded gas at the rate of 6,800,000 cubic feet 
in 24 hours. The closed " rock pressure " was 810 pounds to the 
square inch. Tubing and pipe-line connections were put in at once, 
but, except for being blown off and tested with a pressure gage once 
a month, the well was not operated. Four months later gas from the 
well was turned into the pipe line, but within a day or so investiga- 
tion proved that the well was " dead." Further investigation showed 
that the inside of the tubing was dry and free from c^tructions 
clear to the bottom of the well. When the tubing was pulled out, 
salt water, which was said to have been previously excluded, leaked 
in from a shallow sand above the packer and partly filled the well. 
While this water was being bailed out, lumps of salt were found, and 
within 12 hours approximately 4,000 pounds of salt was cleaned from 
the well. Then some gas commenced flowing. Being satisfied that 
the Clinton sand was salted up, the operators lowered 40 quarts of 
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nitroglycerin and exploded it at the productive horizon. This started 
gas flowing at the rate of 7,000,000 cubic feet in 24 hours and also 
ejected more salt. The well has been in constant use for 11 years 
and, though never clogged again, has continued to eject lumps of salt 
■with the gas. 

Under the conditions described it seems difficult to explain how 
great masses of salt could accumulate in the rocks at the bottom of 
the well or between the tubing and casing unless, during the time the 
well was not used, salt water leaked in from the Clinton or overlying 
sands and was exposed to the evaporative effects of expanding gas. 
This gas must have leaked, either to the surface or possibly from 
the Clinton sand into overlying beds in which lower gas pressures 
prevailedi Such movements of gas would cause the evaporation of 
relatively small quantities of salt water that might leak into the well. 

Concerning a somewhat similar deposition of salt in a Clinton 
sand gas well Mr. Lytle wrote : 

In another well drilled by ua, from which we used gas anti which was watered 
With fresh water twice a week and allowed to stand three days out of sis with 
water in It, the salt gradually formed in the tubing until it had very neaMy 
filled 60 feet of 3-inch tubing and 300 feet of 2'!nch. We were obliged to pull 
the pecker and shoot this well. We have not had the tnblng salt up since. 
This well has been producing for about 7 years. 

Another striking example of the salting u tLof gas wells is reported 
by a field employee of the Ohio Fuel Supply Co. to have taken 
place in the Stumptown gas field, Wayne Township, Belmont County, 
Ohio. During the years 1905 to 1910 much natural gas was produced 
at this place from a sandy phase of the Maxville limestone (Big lime 
sand of Ohio, of late Mississippian age) at a depth of 1,250 feet. 
One of the wells here is reported to have yielded gas at the rate of 
6,000,000 cubic feet a day when flowing openly, the initial rock pres- 
sure being approximately 440 pounds to the square inch. No salt 
water could be detected in the wells, but the operators observed that 
crusts of crystalline salt formed about the tubings at the productive 
horizon, so as to choke the wells and retard the flow of gas. Attempts 
were made to dissolve these salt incrustations by introducing fresh 
water into some of the wells and then pumping it out, but the pump 
valves at the bottoms of the wells became so rapidly clogged by salt 
as to interfere with this procedure. The fresh water that was intro- 
duced into the wells rapidly disappeared, and sometimes when the 
wells were allowed to " blow off " to remove the water and dissolved 
salt that could not he pumped out, fine particles of dry salt were 
ejected from the wells. It seems probable that the water with its 
dissolved salt was included in the gas as a spray and was evaporated 
into the relatively great volumes of expanding gas before reaching 
the top of the well, leaving only the particles of dry salt. In some 
of the fields where salting up of gas wells .was reported the salt was 
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sUGceasfolly removed by introducing water into the wells and subse- 
quently pumping off or blowing off the water with the dissolved salt. 

At Bamesville, Warren Towndiip, Belmont County, Ohio, Berea 
gas wells are also reported to have become salted up, and at one place 
near the Bamesville field crystalline salt, an analysis of which is 
given in Table IS, was collected from a gas line pressure regu- 
lator 4 to 7 miles from the wells that furnished the gas. Salt was 
deposited here in so large amounts that it became necessary to remove 
the accumulations once a year. It appears from this that particles 
of salt water were carried several miles in the form of a fine spray 
suspended in gas moving rapidly under pressure. On further ex- 
pansion of the gas more complete evaporation of the water took place 
and crystalline salt was deposited. The interior of the regulator was 
sometimes observed to be wet About 15,000,000 cubic feet of gas a 
month passed through this apparatus, in which the gas line pressure 
was reduced from 100 to 20 pounds te the square inch. Three-inch 
pipe lines were in use. Small amounts of salt water were pumped 
and blown off from the Berea gas wells at Bamesville, and water 
traps were used to remove water from the gas before it went into the 
pipe lines. 

Salting up of gas wells at Cleveland, Ohio, is reported by G. S. 
Rogers,' who collected pieces of crystalline salts that formed in wells 
at the horizon of the so-called Clinton sand. This sand yields gas 
in the Cleveland field, but salt water, if present, can not be observed 
because of its evaporation into the gas. Kogers attributes the depo- 
sition of salt to the evaporation of salt water into expanding gas 
and thinks the water may leak te the Clinton sand from the higher 
lime sand (of early Devonian age; see stratigraphic table, p. 14j, 
which is known to be water bearing. 

We are indebted to Dr. I, C. White for an account of the deposi- 
tion of salt in a gas well near Warfield, Ky. The well burned for 
about 20 years, during which the gas was not utilized. During that 
period the well occasionally became choked by salt, but when the gas 
pressure increased sufficiently the salt was blown from the well and 
the flow of gas began again as usual. 

At Woodsfield, Center Township, Monroe County, Ohio, fragments 
of salt-incrusted Berea sandstone were collected as soon as they 
were bailed from an old oil well. On examination these specimens 
were found to contain 0.59 per cent by weight of salts soluble in 
water, of which 89,5 per cent by weight was sodium chloride. The 
well had been yielding oil together with a little gas and salt water 
for ten years prior to the collection of the incrusted fragments. 

In this bulletin it is possible to cite only a few of the many ex- 
amples of the deposition of salt in gas and oil wells. In addition to 
the examples above cited, we have received reports of similar 

B Held, Cujahoga County, Ohio: D. S. Geol. SnrvBy 
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pheuomena in Butler, Lawrence, Beaver, Armstrong, and McKean 
counties, Pa., and Belmont, Monroe, Noble, Guernsey, Knox, Wayne, 
and Licking counties, Oliio. A few isolated cases in West Virginia 
have also been reported. The short time available has not permitted 
a more extensive investigation of the subject, 

The salting up of gas wells is attributed largely to the evapora- 
tive effects of expanding gas, but under certain conditions chilling 
of deep-seated brines entering the wells is another cause of the 
deposition of salt. Where great volumes of highly compressed gas 
are allowed to ^cape through an open well or into low-pressure gas 
lines, the temperature of salt water accompanying the gas is pro- 
bably lowered sufficiently to caiise the deposition of salt. 
. Apparently the phenomenon is common in both oil and gas fields, 
though frequently it is not observed because of the very small 
amounts of salt deposited. In the Appalachian fields the salt con- 
tent of specimens of the productive sands collected from oil wells 
is usually less than 1 per cent by weight, as is shown in Tables 1 
and 3. The proportions of salt in specimens of pay sand from gas 
wells would doubtless be much greater. Analyses of some of the 
water-soluble salts collected during the studies relative to this paper 
are shown in Table 15. 
Tabus 1^.— Analyses of water-soluble salt crusts colleciea from oil and gas icells. 
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1. Saltemat, 98.83 percent soluble In nsler, from a Clinton sand gas irell, Cleveland, Obio, Collected 
b; a. S. Rogers. R.C. Wells, analyst. 

3. Watsr-eoluble portion cl Beraa sand Iram an oil well -10 T«ia old, WoodaSeld, Center Townsblp, 
Uooroe County, Ohio, representing 0.6B per cent of tbe sand. R. C. Wells, analyst, 

3. SUt crust, 99.03 per csnt BJluble in water, oolleoled from a gaa-presaure nsulatot between 4 and 7 
miles from the Berei wells tliat yielded eaa toeether wltb water from wUah the salt was deposited, Bames- 
Tllle, Belmont Connty, Ohio. b. C. Wells, analyst. 

A few examples of the deposition of inorganic substances other 
than soluble chlorides may be of interest. In Forward Township, 
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Butler County, Pa., fragments of a crust consisting of barium sul- 
phate, with, strontium and calcium sulphates, ferric oxide, and 
soluble chlorides, as shown by analysis 8, Table 16, were collected 
from an old oil well. The well had been yielding oil and salt water 
for about 15 years and had become badly fouled by mineral incrusta- 
tions, when it was shot and cleaned. Angular fragments of the 
crust, 2 inches wide and half an inch thick, containing included 
globules of gelatinous hydrocarbons, were then collected. The crusts 
were formed at the horizon of the productive bed (Third sand, 
depth 1,470 feet). 

A deposit of barium sulphate and calcium carbonate in an oil 
well was also observed in Butler Township, Butler County, Pa., 
where the bottom portion of the tubing of a well was found to be 
so incrusted with these substances as to close most of the intake 
perforations completely, practically stopping production from the 
well. Only the bottom length of the tubing, the part which wa^ im- 
mersed in salt water and oil, was incrusted. The well yielded oil and 
salt water from the Hundred-foot sand at a depth of 1,380 feet. In 
this well the deposition of calcite upon the tubing had been followed 
by that of barium sulphate, which had, in turn, been followed by 
further deposition of calcite. The resultant banded nature of the 
crust is shown by Plate IV (p. 52), It is interesting to note that the 
crusts were so deported upon surfaces wet with oil and water as to ex- 
clude both oil and water from the intake perforations. The weU 
was double-cased halfway through the Hundred-foot sand, and the 
operators claimed that afterward practically no water leaked in 
from beds above the Hundred-foot sand. 

The coarsely crystalline texture of the barium sulphate crusts in- 
dicates slow deposition, but the causes for this deposition in oil 
wells are uncertain. Among the pos£dble causes may be mentioned 
the mixing in the wells of dilute solutions of soluble barium salts 
with solutions containing soluble sulphates. It seems probable that 
notwithstanding the agitation of the solutions at the productive 
horizons in the oil wells the precipitation of barium sulphate must 
have been slow, because of the very dilute solutions of sulphates and 
soluble barium salts involved. Siebenthal ^ has quoted Carles's work ' 
to show that some barium may remain in solution in the presence of 
some sulphate in bicarbonate waters. It may be that in these oil-field 
waters, particularly where bicarbonate waters leak into the wells 
from rocks near the surface, the breaking down of bicarbonates, due 
to the loss of carbon dioxide from solution, t<^ther with other gases, 
facilitates the slow deposition of barium sulphate. This mode of 

■ Stebenthal, C. E., Origin o( the iIdc aod lead deposits of tbe JopUn region, Mis- 
souri, Eao^s, and Oklaboma : U. S. Geol. Survey Bull. 606, pp. B5-56, IQ15. 

■ Carles, M. F., Presence de la bairte dans lea eaai mln^rales Bulphatdes ; Annalni 
cblm. anal., vol. T. pp. 91-93, 1902. 
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SALT CRUSTS FORMED DURING THE PRODUCTION OF 
NATURAL GAS. 
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slow deposition is sugg^ted by the uniform thickness and coarsely 
crystalline texture of the crusta and also by the admixture of barium 
sulphate with calcium carbonate, which would be precipitated as a 
carbonate on the loss of carbon dioxide from, bicarbonate solutions. 

Calcium carbonate, magnesium carbonate, and ferrous carbonate 
are deposited on tubings, on the walls of the wells, and in the inter- 
stices of productive sands. The carbonate deposits are most com- 
monly found in the bottoms of old oil wells, though some carbonates 
are believed to be deposited in the interstices of the sands at consid- 
erable distances from the producing wells. This inference has been 
suggested by the petrc^aphic and chemical examination of a large 
number of mineral crusts and specimens of oil and gas bearing sand- 
stones collected from both old and new well& Analyses of a few of 
these carbonate deposits are given in Table 16. The photographs 
reproduced in Plates II. III. and IV illustrate the mode of occur- 
rence of the crusts. 

TABI.E 16. — Aniilyses of imneriU crusts collected from oil icellt. 
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euiudJt Towusblp, Butler Count;, Fa. Tlie oimb Bt which the crust (armed Is not known. T 
«a! collected trom the duriok floor after the tuUsgi bad bMD oleaued. R. C. W«Jb, amlyst. 

3. Crust elsBiied Irom tubing of an old oil well yielding oU and salt water from the Hntiared- 
Gununlt Township, Butler County, Pa., about 8 quarter of a mile from well where ample 1 was wunuuiu. 
The sample was oollectad from derrick floor alter well tulUngs had bees cleaned. B. C. Wells, analyst. 

3. CniA cleaJHd from the bottota of a wen that had been yieldlngoll aiid salt water from the Third nnd 
for about It yean, 1 mile northeast of Water BtaU<m, Forward Township, Butler County, Pa. B. C. 
vats, analyst. 



Iltolgyeaia, Evans City, Bi. ^, - 

Hundred-foot sand. B. C. Wells, analyst. 

S. Crust (see B, PI. rv) coDsolsd from the bottom part ot Hie tubing of an Did wen yteldlnc 011, gas, and 
■H water from the Hundnd^oot tend, ButUr Township, Bntler County, Pa. B. C. IMnsmora, analyst. 
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The deposition of carbtmates seems to be caused partly by the 
leaking into the wells and mixing of carbonate waters from shallow 
rocks with the deep-aeated brines. Whra such watws are mixed and 
subsequently undergo concentration, any sodimnplcarbonate in the 
shallow water will react with the c^cium chloride of the deeper 
water to form calcium carbonate, sodium chloride, carbon dioxide, 
and water, according to the teaetion 

2 NaHCO.+CaCl,=CaCO,+2 NaCl+CO,+H,0 

In this connection it is important to note the presence of sodium 
chloride in the carbonate crusts from old oil and gas wells, and also 
the fact that calcium carbonate crusts in such wells are particularly 
abundant in Butler County, Pa., where some of the waters of the 
fallow rocks contain sodium in excess of the strong acid radicles 
and therefore have primary alkalinity. The decrease in the solubility 
of calcium carbonate in the presence of increasing proportions of 
calciimi chloride is also a probable factor in the formation of these 
deposits, especially where waters that have dissolved calcium car- 
bonate become mixed with the deep-seated waters. Another cause 
for the deposition of carbonates is the previously mentioned breaking 
down of soluble bicarbonates due merely to the Uberation of carbon 
dioxide, together with other gases, from solution in water. In all 
these processes the concentration of the waters due to the removal of 
water vapor in the escaping natural gases is believed to play an 
important part. 



METHOD OF 8TUDT. 

The partial removal of some of the dissolved constituents from' 
the waters necessarily results in changes in the proportions of the 
remaining constituents. In order to understand these chimges as fully 
as possible and to correlate the evidence furnished by the deposition 
of mineral matter just described, we compared analyses of water col- 
lected at different periods of_production trom fTia initial wall in p 
newuiiLBnil ^S-field. Similar comparisons were also made between 
waters frcm the same geologic horizon in old and new Eelds aud 
between waters from different horizons in the same or neighboring 
fields. These compaHsons have resulted in the discovery of certain 
general relations between the changes in the waters during the extrac- 
tion of oil and gas by man and the natural changes that have taken 
place during the lapse of geologic time. 
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COMPARISON OF WATERS FROM THE SAME WEIi. 

Analyses of water from the Keener sand, Miltonsburg, Monroe 
County, Ohio, collected from the same well at different periods of 
production are shown in Table 17, and some of the conditions of 
production are indicated in figure 4. It is evident that the propor- 
tion of total dissolved solids in the waters collected from the same 
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FiGCiEK 4. — Cnrre Hbonrlng the rates at production of oil aod water from well No. 1, 
Bcliroeder heirs' fBTm, MtltoDBburg, Malaga Townsblp, Uooroe Countr, Ohio, wbeo 
water samples were collected from that well. 

well increased as production continued. Moreover, the analyses indi- 
cate c hanges in tiie relative proportions of the different constituents, 
fFhe ratio of calcium to chlorine being greater and t he r a t io of sodium 
to-^far mc b e ing am aller itr"tR6 more concentrated water, i Of the 
changes involved that in concentration is the most pronounced. We 
believe that such a diange would be noted in waters from practically 
all initial wells in new fields where infiltrating waters are excluded 
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and there is a noteworthy escape of gas. This belief is based partly on 
our numerous comparisons of waters from the same sands in new 
and old fields where gas was being ezjtrafited. 
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1. Collected April 34, 191S, when Ibe well «u 1 mouUi old. B. C. IMosmiire, uial^t. Ota, oU, end 
~'~' re lUywing from tbe well. The appraximate ral« of prodi]oti<Hi at that time li shown bv figure 4. 
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3. Collected when Uie well wu U 

U had oeaaed to flow. 

kd Inoreased, oa shown bj figure 4. 
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Several explanations may be offered to account for the changes 
■ noted. It is believed that the evaporation of water into the escaping 
gas is the principal cause for the change in concentration. Anothw 
po^ble explanation is that the more concentrated water comes from 
a part of the sand where the water has undergone advanced con- 
centration either prior to drilling or in an older oil and gas field. 
The suggestion that the changes in concentration are related to the 
extraction of gas is strengthened by the fact that water from certain 
deep wells where oil and gas are practically absent has shown for 
many years no significant change in character or concentratio n.^ / 

No single explanation for the changes other than that of conceO' 
tration can be advanced without reservation. It will be understood, 
for instance, that the changes in the relative proportions of the dis- 
solved constituents may be accounted for by the leakage into tJie wells 
of carbonate waters having primary alkalinity. The reaction that 
is involved when such waters are mixed with the deep-seated brines 
and subsequently concentrated has been briefly described on page 
50. Relatively little sodium chloride is lost from the solution, but 
both calcium and magnesium are deposited as carbonates. This pre- 

^BownockeT, J. A., Salt dtpoBltB and the salt induHtiy Id Ohio: Ohio Qeol. Burrej, 
4tb aer.. Bnll. 6, p. 27. 190D. 

Stephenson, L. W„ and Palmer, Chaee, A deep well at Charleatoa. 8. C, With a 
report on tbe mlneralog; of tbe water : V. S. Oeal. Sarrer Prof. Paper 90. p. 90, 1914. 



i.. FRAGMENTS OF A SULPHATE CRUST. 

CoIl(Kl«d iot tbe vritera by J. C. MatUn, Evoiu City^ Pa. Tbe deposit was deaned Troc 
that had bMnyieldins oil and salt water f com tbe Tbiid Band (probably Upper Devooii 
15 mars. Locality, 1 mile northeast otWsur etalioa. Forward Township, BuUec Coun 
dork mass (a) is a soft waxy hydrocarbon that Is iBCliided in tbe crust. The corap 
depodt la •boim by aoalyais 3. Table 16. Pbotc«rapfa three times uatiinJ siie. 



B. FRAGMENT OF A MIXED SULPHATE AND CARBONATE CRUST FROM THE 
BOTTOM PART OF THK TUBING OF AN OLD WELL YIELDING OIL, GAS. AND SALT 
WATER FROM THE HUNDRED-FOOT 3AND, BUTLER TOWNSHIP. 

Collected by R. Van A. Mills. Petro^aphic «]caminatio& has shown that the specimea oonHista eHsen- 
tially of barite aad calcite in alternate lasers. Smalt amouats of sodium chloride are also present. 
Tbeoalciteaiid baiite crystals ars slightly LDtArlocked in oomblika structure. 

SULPHATE CRUSTS FROM OIL WELLS IN BUTLER COUNTS PAj 
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cipitation tends to bring about differences in the sodium-chlorine and 
calcium- chlorine ratios, such as have been noted. Furthermore the 
extensive occurrence in the sands of secondary carbonates containing 
small proportions of sodium chloride indicates changes of this type, 

The deposition of sodium chloride, with possibly very minor 
amounts of calcium and magnesium chlorides, during the concentra- 
tion of the water would also cause such changes in the relative pro- 
portions of the dissolved constituents as are actually noted. The oc- 
currence of deposits of sodium chloride in gaa wells and in the inter- 
stices of the productive rocks indicates this mode of change in many 
fields. 

To ascertain, approximately, the dissolved constituents that may 
be lost from the brines during concentration so as to cause the dif- 
ferences shown in Table 17, we have made further comparisons of 
the analyses in that table, and the results are set forth in Table 18. 
Here the analyses are simplified by rejecting the minor constituents 
and by slightly altering the values for sodium until an exact balance 
between the bases and chlorine is obtained so that the dissolved con- 
stituents can be expressed as chlorides. The analyses are given 
under 1 and 2 respectively. The values in column la are obtained 
by multiplying those in column 1 by an arbitrary factor (1.482), 
which is equivalent to making a hypothetical concentration of the 
more dilute water to 67.48 per cent of its original volume. This 
hypothetical concentration has been selected in order that the calcium 
content of water la and water 2 should be approximately the same: 
Calcium chloride, being more soluble than sodium chloride, would 
not be expected to deposit with sodium chloride at first; nevertheless 
small amounts of calcium and magnesium chloride seem to accom- 
pany the sodium chloride actually found in the oil and gas bearing 
rocks, so that the hypothetical concentration has been carried to a 
point to yield a slight excess of calcium chloride. No error is thiis 
introduced, inasmuch as the results more nearly agree with conditions 
actually noted. Moreover, if the hypothetical concentration of the 
dilute water should be varied slightly in either direction, the hypo- 
thetical salt deposit would still approximate the salt deposits found 
in the reservoir rocks, sodium chloride being the predominating con- 
stituent. 

It will be seen from Table 18 that the difference in the salt con- 
tents of the waters under comparison is expressed essentially as one 
of sodium chloride. It will also be noted that the composition of 
the salts hypothetically removed from the dilute water during its 
concentration agrees closely with the composition of natural salt de- 
posits and with that of salt crusts collected from wells. The com- 
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parison therefore famishes further evidence that the change in the 
waters may be due to the loss of sodinm chloride during the concen- 
tration of the water accompanying the extraction of oil and gas. 



Tablk 18. — Analyieg illustrating the probable, loii of solium cklorUle from solv- 
tton Ovring the concentration of a Keener brine issiUne from the initial leeH 
In a new fieli near iiiltontburg, Ohio. 
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. . _ .he uiiiroiliiiiM ntas ol oil and water productico are shown by fliun 4 (p. 51). 

la. Kune vaterat 1, hrpotnallcally oaocenlnttcd to 07.48 parceDt of Its oilgliial vidume (teeter 1.4B2). 
i. SInipliSAdaittlTiilUwatwccillMlsdwImittMwellwaalSiiumthioliI. Duiliig ttia Interral betweeo 

**' — " — " 'sainbln I and 1 large amoonta ol gas and oil had been Drodiiaed from this and nel^iboii^ 

ncM in tba rates of pniductloa of oil and water from toe well are ihown bjr figure 1. 

the wel^ta and ralatlre prapirtiiKis of tba salti whoM temoval Ircuu 1.4S3 liteis of 
h evaparation would jirm 1 liter of water >. 

From another point of view, however, it is well to note that the 
differences between the dissolved solids in the waters under compari- 
son can be expressed merely as the differences between columns 1 and 
& in Table 18. One liter of the more concentrated water whose dis- 
solved constituents are represented in column 2 may be considered 
as having formed through the introduction into an equal volume of 
the more dilute water of 7.37 grams of calcium chloride, 1.73 grams 
of magnesium chloride, and 1£>.63 grams of sodium and potassium, 
chlorides. This implies an accession to the formerly dilute water of 
salts consisting of 29.80 per cent of calcium chloride, 7 per cent of 
magnesium chloride, and 63.20 per cent of sodium and potassium 
chlorides. These salts are too soluble to have remained undissolved 
in water such as first issued from the well and were therefore not 
acquired by simple leaching during the extraction of oil and gas. It 
is possible, however, that waters containing relatively large propor- 
tions of calcium chloride may have gained access to the well from 
various sources as the extraction of oil and gas proceeded. As water 
is drawn from a sandstone reservoir more or less water doubtless 
percolates into the sand from the surrounding rocks. Water from 
shales and otiier argillaceous strata might contain a relatively large 
proportion of calcium derived through the exchange of sodium in the 
brines for calcium in the reactive minerals of the shales. The 
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nature of the reactions involved is discussed on page 75. The en- 
trance of such waters into the sands, with or without concentration, 
may thus account for the changes in the waters noted during the ex- 
traction of oil and gas. The comparison of the waters can thus 
be made on the h&sis of changes of either type. We retain the com- 
parison in terms of the loss of sodium, because it is sufficient for the 
purpose in view and because it also expresses the dianges that occur 
when the waters are concentrated to the point of deposition of 
sodium chloride. 

COMPARISONS OF WATERS FROM THE SAME OEOLOQIO HORIZONS IN 
NEIOHBORINQ FIELDS. 

From numerous detailed comparisons between the dissolved con- 
stituents of waters collected from the same sands in neighboring 
fields Tables 19 and 20 have been compiled to illustrate the evidence 
thus obtained. In general, the more concentrated waters occur in the 
older fields. Also, with but few exceptions, the ratio of calcium to 
chlorine is greater and the ratio of sodium to chlorine is smaller in 
the more concentrated waters. Furthermore, it is shown that almost 
invariably the concentration of the more dilute water, together with 
the removal of dissolved constituents consisting essentially of sodium 
chloride, would yield the more concentrated water. Again, the salts 
whose removal from solution can thus be postulated agree in com- 
position closely with the salts from wells and with natural deposits 
of chloride salts. The differences between the more dilute and more 
concentrated waters in the same sand are of practically a uniform 
type, no matter whether the waters are drawn from a single well at 
different stages in its operation or from neighboring fields where the 
conditions of production have been widely different. 
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Table 19. — Compariton of analygee of ttro waters from the Big Ume »an4 «Jko«o- 
ing the conalitMenti icKa»e removal from the more dilute water, together wiift 
evaporation, would tfleld the more concentrated tcater. 



(3impka coOoclod from dUtsieiit fields 4} mDa apart in tbs norOMrn i>art of Monroe founty, Ohio.} 
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n Big time sand; depOi l,33t to 1,349 feet; ni 



new oil and &s field near HUlmsliurE, 'ibUaea Town^p, Uonree Coun^, Ohio. Specific graTtn- of the 
graterl'055g. R.C.Wells.analyst. 

1b. Same irater as No. 1, bypotbetlcally concenlrated to 46J$1 per cent of Its original vdume <bcH>r 
2. ISO). 

1. Brine odleeted April 34. lUS, Irom Big lime sand; depth 1,431 to 1,444 feet; from an old oO and f»a 
Reld In the northeastern part of Ualaga Tawusblp, Uonroe Count;, Ohio, near Jerusalem village. S. C. 
Dinsmore, aoalyst. 

3, Approxtmalely the weiehta and relative proportlonii of the omstituents whose removal from Z.lao 
liMra oT water 1, t(«ethsr with evaporation, would yield 1 liter of water 2. 

Table 20. — Comparifon of analyaei of (mo loatert from, the Keener gand §hoK>- 
ing the conttiluentx whoge removal from the more dilute water, together with 
evaporation, would yield the more concentrated water. 
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Tabu 20. — Comparison of analysfg o 
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, — ,_ ., , , ^18 collected April 24, IBIS, from an old oil and 

ri wall in an old oil and IBS Bold oear Jerusalem Village, Siuisbui7 Township, Uonroa Coqut;, Ohio. 
C. DlnsDLore, analpt. 

3. AppiDiImaHly the veldits and relative proporttons of tht constitueots whose removal from 3.900 
IlteiB a[ water 1, together with evaporatlan, would yield 1 liter of water 2. 



COMPARISON OF WATERS FROM DIFFERENT GEOLOGIC HORIZONS. 

In the foregoing text we have presented evidence that changes in 
the waters under scrutiny occur during the extraction of oil and gas 
from the reservoir rocks. The changes are indicated by differences 
in concentration, differences in the relative proportions of the dis- 
solved constituents, the apparent loss of certain constituents from 
solution, and the possible accession of other constituents. It appears, 
however, that such changes are not only closely related to the 
extraction of oil and gas but have also occurred from natural causes 
during geologic time. 

As evidence bearing on this subject we submit in Tables 21, 22, 
and 23 comparisons of waters collected from beds at different 
geologic horizons in the same and neighboring fields. The waters 
under comparison in each table have been subjected to the effects of 
oil and gas production for approximately equal periods of time, the 
conditions of production being nearly the same, but nevertheless the 
waters show marked differences in concentration as well as in the 
proportions of their dissolved constituents. These differences are 
practically the same as those which appear to be brought about 
under the various conditions of oil and gas extraction by man. We 
are therefore led to ascribe them to the same causes. The more 
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igpncentrated so] "tif"'' *■■"* prnhghly Hnon i^f^fflpl'^t^ftH, owing t^ 
;6ga npration into expanding gas whidi has removed ronrpi wntpv ^lian 
|ias been lost trom the dilute solutions . We shall next attempt, 
rtiBPnfj^rffj t.n p.-CHininp. thn ftvjHftTiPJi pf ti^"* ""*•""■' ocfapo fif [thj= thof 
tni [ yht afford fionditirms for concentration anrt irhan^fta in j ^hn ^f i^— ~ 
similar to thn^ hmuftht nhnnt dnrjng thu PYti-act 



Table 21. — Comparison of analyaet of two gag-field teaterg from different geo- 
logic horizoas, ghowing the constituent* whogc removal from the more Hiluto 
tvater, together tcUh evaporation, would yield the more concentrated water. 
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Table 22. — Compariion of analyses of tiro oil and ga» field waters from differ' 
ent geologic horizon*, ghotvtng the constituents whose removal front the more 
dilute urater, together with evaporation, icotild yield the more concentrated 
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Tamx 23. — Compatiton of anali/iet of two oil and gag field waters from dif- 
ferent geologic ttorizont, thovAng the ctmttituentt tohoge removal from tfce 
more dilute water, together toith evaporation, would yield the more eonceH' 
trated water. 
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EVIDENCE OF THE NATURAI. ESCAPE OF GA8BS. 



Examples of gases escaping from their reservoir rocks under such 
conditions as would probably bring about the concentration of asso- 
ciated waters are found to-day in many parts of the world, and it is 
doubtful if there are any important oil and gas regions where sur- 
face evidences of the escape of gases are absent. The common associ- 
ation of gas wit^ oil and the almost invariable evidence of the natural 
escape of oil from the known deposits substantiate this statem^t. 

At numerous places in the Appalachian fields gas escapes in shal- 
low-water wells and in springs, such, for instance, as have given rise 
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to the name Burning Springs, in Wirt County, W. Va. The gas 
springs in Wirt and Kanawha counties, W. Va,, have been described 
in the county reports of the West Virginia State Geological Survey. 
Similar occurrences in western New York have been repeatedly de- 
scribed. Concerning the natural escape of gas near Fredonia, Chau- 
tauqua County, N. Y., Orton * says : " From some of these joints gas 
constantly escapes. The currents are much weaker, however, at the 
present time than they were in earlier days. When water occupies 
the openings formed by the joints, the gas appears in bubbles, forcing 
its way through the water. Such springs were known by the early 
French explorers of the country as " fontaines qui bouillent." Escap- 
ing gas is also reported in Jefferson^ and Allegany' counties, N. Y. 
Campbell * reports the escape of natural gas from rock crevices near 
Richlands, Tazewell County, Va. Munn' reports gas seepages near 
Memphis, Tenn. Gas springs are reported in New Brunswick and 
Alberta, Canada, by Clapp and others.' Wegemann^ reports a gas 
seepage in Palo Pinto County, Tex. " A bubbling spring of salt 
water," where gas is evidently escaping, has also been crf>served in 
the central Australian desert by Gregory.* 

Probably the most striking examples of the natural escape of the 
hydrocarbon gases are afforded by the so-«alled mud volcanoes, which 
emit enormous volumes of combustible gas, together with concen- 
trated brines, mud, and sand. Thompson* describes mud volcano 
phenomena in Russia, Borneo, Sumatra, Burma, Colombia, and Trin- 
idad. He describes violent eruptions of gas, which becomes ignited, 
in the Poota and Bingadi districts, near Baku, Russia, and he also 
states that " on the ridge of hills fringing the Poota Valley near Baku 
there is an area of about an acre where the escaping gas is rarely if 
ever extinguished." " In the Yenangyat district of Burma a some- 
what similar phenomenon is observed at Yenang Daung." The same 
writer describes many other outbursts of gas, some of them occur- 
ring under subterranean conditions. 

'OrtoD, Edward, Petroleum and natural gaa In New York: Kew York State Mob. 
Ball., vol. e, No. 80, p. 4S5, 1890. 
' Idem, p. 467. 

■ Hawortb, BrftBinDB, Report on oil and gas : Kanacs UnlT, Geol. Snrvej, toI. 9, 
p. 11, IflOS. 

* Campbell, M. R., peraonal commiiDicatloit. 

* MuDD, M. J., Eiploratlona for natural gas and oil at Mempbia, Tenn, ; Besourcea 
of Tenneasee, vol. 2, No. 2, pp. 4S-50, lfll2. 

< Clapp, P. O., Petroleum and natural gas reRoarces of Canada, v(d. 2, pp. 62-68, 
294-2Q6. 1916. 

* Wegemann, C. II„ A reconnaUsance in Palo Pinto Coiintf, Tei., wttb special ret- 
ereDce to oU and gaa ; U. S. Geol. Survey Boll. 621, p. 53, 1916. 

■ Qngorj, H. H., Loveljr Auatralla, the unique coDHnent ; Nat. Oeog. Mag., voL 80, 
p. BOe, 1916. 

an, A. B., OU-fleld development, pp. 176-1S4, New York and London, 1916. 
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Belative to the salt induBtry of the East Indies, Harris^ says: 
On the Island of Java salt 1b also made from brine sprlngH, which flow from 
MIoceoe beds and nsuallr contain Iodine and bromide salts, as well as sodlam 
chloride. Many of tbeee brines contain petroleum and gas. The most stiiblnK 
are those of OnriKigan, northeast of the city of Samarang, In north-central 
Java. According to Karsten, the brines, which are associated with mod toI- 
t^noea, are In a limestone formation that forms a ctrcnlar plain half a mile In 
extent The brine firings occur In large numbers and boll from Assures In the 
rocka The water is strongly saline and gives very good salt on evaporation. 
In the center of the limestone region la a remarkable volcanic phenomenon. 
On ap[voachlng this from a distance one sees a dense clond of steam that at 
Intervals of several seconds rises and then disappears This Is accompanleQ 
by a roar like distant thunder. Near by one perceives a hemispherical mass 
about 16 feet In diameter, composed of black mud saturated with salt water. 
This mass la regularly raised to a height of 80 feet by an onderground force 
and then explodes with a deafening roar, and globular masses of the black mud 
are thrown In every direction. After an Interval of two to fonr seconds the 
mass of mod Is agalu raised and again torn to pieces by an explosion. For 
many years the natives have obtained salt by evaporating the brines ejected 
by these mud volcano^. The salt water Is led away In ditches to the outskirts 
of the r^on and Is then evaporated. Some 200 metric tons are made annually. 

In considering the subject further Harris adds that " small mud 
volcanoes with pools of salt water are also found on Ceram. one of 
the Spice Islands." 

The escape of gases, especially methane, from unconsolidated car- 
bonaceous sediments is so common as to require no particular com- 
ment. 

Shaw * has described emanations of gases from the unconsolidated 
sediments at the mouths of Mississippi River. Knapp " describes 
gas seeps in Terrebonne Parish, La-, and also quotes from the New 
Orleans Times-Democrat of NovOTober 26, 1911, an account of a gas 
eruption in the sea off Erin Point, Trinidad, on November 11, 1911. 
After describing the eruption, the account says : " The next day it 
was found that an island of 2^ acres had been formed. A landing 
party found the place still warm and by laying down boards, were 
able to examine two cones, 12 to 15 feet high, from which gas was 
escaping. The air was saturated with the odor of sulphur and oil," 
In the same contribution Knapp quotes a report that gas is con- 
tinually forcing up cones of pitch and mud in the pitch lakes region 
of Trinidad. 

The occurrence of native bitumens filling fissures is in some locali- 
ties a surface indication of the presence of oil and gas deposits in 

1 Harris, O. D., Rock salt, Its origin, geological occurrenceB, and economic Imparfancn 
In the state ot LoatBlBna : lAolslaiia Oeol. Sarve; BnU. T, pp. 19S-1B9, IBOS. 

* Shaw, B. W., The mod lamps at the months of the Mlsitselppl : V, S. Geol. SDrrej 
Prof. Paper 8B, pp. 11-27, IBIS. 

' Knapp, I. N., dlscnsslon ot paper by Boswell H. Johnson, The rflle and fate of the 
eonnate water In oil and gas uinde : Am. Inst. MId. Bng, Trans., vol. 61. pp. 593-597. 
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deeper reservoir rocks. In other fields fissurea filled by calcite with 
scattered inclusions of waxy hydrocarbons are considered an indica- 
tion of oil or gas. The solubility of certain waxy hydrocarbons in 
gases under high pressure and the relative insolubility of these 
hydrocarbons in the same gases under lower pressures, as well as the 
fact that much gas is evolved during the mining of native bitumens, 
suggest that vein depfeits of these substances may owe their origin 
largely to the influence of gases that escaped through fissures. 
Thompson^ states that masses of bitumen are often ejected with 
violence from the working faces of bitumen mines by gas which has 
collected under pressure in the minerals. 

Twenty years ago I. C. White ' called attention to the association 
of deep-seated deposits of petroleum and natural gas with a fissure 
depoat of grahamite in Ritchie County, W. Va., and attributed the 
formation of the grahamite in part to the escape or exudation of 
petroleum accompanied by its oxidation. "He furthermore cited the 
occurrence of coaly bituminous material, believed to be some of the 
hydrocarbon minerals originating from petroleum, at depths of 
more than 1,600 feet as evidence that outflows of petroleum occurred 
in the Cairo region of West Virginia " at the close of the lower 
Carboniferous epoch." It seems probable that natural gas would 
have accompanied such outflows of petroleum. 

Subsurface movements of gas unaccompanied by surface emana- 
tions, though probably common at the present time, can not b& de- 
tected. Furthermore, as most of the natural gas seeps that have been 
described in the literature were detected by ebullitions of gas through 
surface waters, it is obvious that numerous seeps where the gas passes 
directly into the air have never been detected, 

RELATIONS BETWEEN THH GEOLOGIC HISTORY OF CERTAIN RESERVOIR 
BOCKS AND THEIR INCLUDED WATERS. 

In the Woodsfield and Summerfield quadrangles, in southeastern 
Ohio, the occurrence of relatively dilute waters in the deeply buried 
Berea sand, which is overlain several hundred feet higher by the Big 
lime, Keener, and Big Injun sands, containing more concentrated 
waters (see Tables 21 and 22), is interesting because it suggests a 
relation between the geologic history of these reservoir rocks and the 
concentration of their included waiters, namely, that the more con- 
centrated brines are now found in the strata where geolc^c condi- 
tions were at one time favorable for the escape of gas and the con- 
sequent evaporation of water. 
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The Berea sand in the Woodsfield and Summerfield quadrangles 
is lenticular and is interbedded in thick deposits of shale. It 
overlies the unconformity at the base of the Misassippian series and 
19 overlain by several hundred feet of relatively impermeable shale. 
In other words, the lenses of Berea sand from which water samples 
were collected and studied for this bulletin have remained deeply 
buried since the overlying shales were deposited. 

The Big lime, Keener, and Big Injun sands, on the other hand, 
closely underlie the old erosion surface that marks the unconformity 
between the strata of Mississippian and Pennsylvanian age, and 
in parts of the two quadrangles the Big lime sand has evidently been 
removed by the pre-Pennsylvanian erosion. Where these formerly 
shallow rocks were not eroded they were covered only by a rdatively 
thin series of limestone, shale, and sandstone that would have per- 
mitted the escape of at least a part of their gaseous content. We 
therefore infer that the brines in the Big lime. Keener, and Big 
Injun sands were concentrated largely by the evaporative effect of 
escaping gases during pre-Pennsylvanian eroaon. The evaporation 
may have been assisted by arid climatic conditions. During these 
changes the waters in the lenses of Berea sand would have remained 
less subject to evaporation because the sand was protected by a thick 
cover of relatively impermeable shales. 

So far we have found nothing to contradict the conclusion set 
forth above, it being improbable that this lenticular part of the 
Berea sand would constitute a channel for the deep migration of 
water entering the bed at its outcrop. 

HYPOTHESES CONCERNING THE ORIGIN OP THE OIL 
AND GAS FIELD WATERS. 

HYPOTHESES PBEVTOUSLT StTaGESTED. 

Before fully stating our hypothesis relative to the formation of 
the deep-seated oil and gas field brines we will discuss some of the 
suggestions offered by other investigators. As long ago as 1875 
Him L-' concluded that certain deep-seated chloride waters from On- 
tario, which are characterized by their large content of calcium and 
magnesiimi chlorides, are long-buried bitterns derived from the 
evaporation of ancient sea water which was considerably richer in 
calcium chloride than the sea water of the present day. He sup- 
posed that part of the sodium in this water had been deposited as 
sodium chloride and that the sulphate had been removed as gypsum. 
This hypothesis involves y^egpr^ fj nrid condition s and an ancient 
sea containing a high proportion of calcium chloride. Arid condi- 

1 Hont, T. S.. Chemlcsl and E«olDslcal eeeajB, p. IIT, Boston, ISTE, 
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tions exist in certain parts of the world at the present time and may 
have/bccurred during past geologic periods that would have left the 
bitterns somewhere near their present positions. 

Though the character of the ancient sea has been a subject of 
much discueaon, it remains eztr^oely hypothetical. Hunt's hypothec 
sis regarding the ^cessive calci u m chlorid " ''""tfln*^ ""^ oaHy fmanm 
wni^r ))pa hai-r, qii pported \fy I-Anft ^ in sevM-flliaaitributiQUS, Daly,* 
on the other hand, postulates a limeless ocean of pre-Cambrian time, 
and in a later contribution' he outlines the probable changes in 
the salinity of the ocean. 

We believe that the abundance of marine fossils in sediments that 
are either oil and gas bearing themselves or are interbedded with 
productive sands proves that conditions in the early seas where such 
sediments were deposited were suited to marine life that could not 
have existed in brines such as are now derived from oil and gas 
bearing sands. The changes by which the brines have been formed 
are therefore inferred by us to have taken place since the inclusion 
of the waters in sedimentary deposits. 

In order to explain the abundance of calcium chloride in certain oil- 
field waters, Washbume * offers the hypothesis that ajicient sea water, 
after being entrapped in the ntidimnntn, hm hfir n dn rriv r d n f i f n 
Sod JJ'm chloride by pnwipifaUion^iia tn i^fiin-j>.n frii.fi mi of the watjr ' 

by the dryi ng, inflnenra, jif aar-jind i ng roiik gp°^i ?'.i''h ha nity^^n, 

carbon dioxide, and methaiie,i)uthe drniw thi » l^p ot l w ai»r^i*^'-tn^^ft - - 
mention, in favor nf fbn hypfithffl ^" fhnf^o»i/> h yf a tprf h^'^" rf"-iTfrl 
calcium and magnesiimi as well as sodium cUorides in emaoaJJooa- 
fmm . deep-seated basic magmas. The part played by gases in the 
concentration ofthe brines is the principal subject of the present 
contribution, but the assumption that deep-seated basic rocks have 
been the source of the calcium and magnesium chlorides seems, on 
consideration, to have but little evidence in its favor. There is no 
reason to assume that the oil and gas bearing strata are underlain by 
httsic igneous rocks, and the data from deep drilling in the Appalach- 
ian fields furnish no substantiating evidence. Even were the pres- 
ence of the basic igneous rocks proved, it would be difficult to con- 
ceive how magmatic emanations entering the deejwr sediments dur- 

ilAoe, A, C, The chemical eToluUon of the ocean: lour. Geoloey, vol. H, pp. 221-23B, 
1900; Mine nntera ami tbeli Held asiar : Oeol. Soc. America Bull., vol. 19, pp. 601-S12, 
1908; Connate watflrs of ths AUantle coait [alwtract] : Science, new ser., vol. 83. 
p. 190, 1910. 

■Dal;, B. A., Tbe llmelcas ocean of pre^ambrlan Ume: Am. Jour. Sd., 4Ui ser., toL 
2S, pp. 93-115, 1901. 

'Dal;, B. A., Some chemical conditions In the pre^^ambrlan ocean: Cong. gtol. 
internat,, 11* teta., Stockholm, 1910, Compt. rend,, pp. 503-509, 1912. 

•Washbume, C. W., Chlorides In oU-fldd waters: Am. Inat. Uln. Bng. Trans., tdI. 48, 
pp. 687-698, 191*. 

91818'— 19 ^ 
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ing early or recent geologic time could have so extensively pentieated 
the thousands of feet of overlying sediments. 

In a well at Findlay, Ohio,* pre-Cambrian granite or granite 
gneiss was found at a depth of 2,770 feet. This granite rock is over- 
lain by sediments, principally quartiites, cslcareoos sandstones, and 
dolomitic limestones, with interbedded clays and shales, which con- 
tain oil, gas, and salt water. A natural bittern, called Bine Lick 
water,* that occurs in beds of Sfc. P^«r (Lower OrdoviclMi) age, was 
here found 780 feet above the granitic rocira and apparently in jio 
way related to " basic magmas " as postulated by Washbume. 

To substantiate his hj'pothesis, Waahbnme states that, in general, 
the total salinity of these ml-field waters increases with depth. 
There are, however, numerous exceptions to this rule. In the Woods- 
field and Summeriield quadrangles, Ohio, brines from lenticular 
portions of the Berea grit are less saline than waters occurring in 
the Maxton, Big lime, Keener, and Big Injun sands, several htm- 
dred feet higher in the geologic section. The lenses of Berea sand, 
from which the relatively dilute waters are derived, are overlain and 
underlain by several hundred feet of shale. Other examples of deep- 
seated chloride waters at higher horizons than comparatively fresh 
water are cited in the literature.* 

Eichardson* has recently called attention to the improbability 
that the deep-seated brines in the Appalachian oil and gas fields 
are connate waters and suggests that they may have been formed by 
the prolonged leaching of great ma^es of sedimentary beds by per- 
colating gronnd waters and by the diffusion of sodium chloride dis- 
solved from deeply buried salt beds. The retention of the waters 
in the sediments is attributed largely to the trougblike structorG 
of the Appalachian geosyneline. 

Under certain conditions these factors have been influential, but 
they do not in themselves adequately explain the formation of the 
brines. Ground waters of meteoric ori^n must have leached the 
sediments to some extent, and where salt beds have been in contact 
with water-bearing strata salt has undoubtedly been transferred by 
diffusion. It is improbable, however, that salt beds have occurred 

•Condlt, D. D., Deep wells at Flndlij, OUo: Am. Joor. Sd., 4th aer., vol. SO, 
p. 12B, laiB. 

'CoDdIt, D. D.. op, cit. OrtoD, Bdwacd, OUa GeoL Snrver BepL, vol. e, p. 298, ISSS. 

■ Sanford, Samuel. Saline artestan waten of tbe AtlsDtlc Coaatal Plain : n. B. QeoL 
Snrvej Water-Supply Paper 2B8, pp. 78-88, 1611. 

StepheniioD. L. W., and Palmer, Cbue, A deep well at CharloatOD, S. C. : U. B. 6eol. 
Bntrey Prot. Paper 90, pp. 60-64, 191B. 

Bogers, Q. S., Chemical relatloDB of oU-fidd watera la Ban JoaQOlii VaUej. Cal. : 
U. S. Geol. Snrve; Boll. S33, p. 21, 1017. 

Lane, A. C, dlscnssloD ol " Chlorides In oU-field waten," b; C W. Waahbtune : 
Am. iDBt. MiD. Eag. Trans.. tdI. 48, p. 668, 1614. 

* BIcbardaoQ, G. B., Note on AppialBchtan oU-fleld brlnea : Bcou. Ge^og;, toL 13, 
pp. S7-41, 1017 ; Note on the dlffnHion of sodium chloride ia Appalachian oll-fleld \nUx* : 
Waahlnston Acafl. ScL Joor., vol. 7, pp. 78-7B, 1017. 
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in proximity to all the sands of the Appalachian oil and gas fields 
in which concentrated waters are now found, and the distances 
through whidi the diffusion of salt has been effective can only be 
conjectured. Sc«ne additional factors to account for the concen- 
tration of the waters seem necessary. It must also be noted 'that 
the salts d^red through the complete evaporation of brines occur- 
ring in very deep strata, those relatively near the salt beds in the 
Appalachian fields, generally contain smaller proportions of sodium 
chloride than the Baits from brines occurring in shallow sands that 
are separated from salt beds by thousands of feet of comparatively 
impermeable shale. This makes it desirable to explain more fully 
the causes for the differences in the relative proportions ^ f the disr 
solved constituents in the oil and gas field waters. 

T'REB'EJSrS: HTFOTHESIS. 

The deep-seated brines of the Appalachian oil and gas fields, as 
viewed by us, are only in part the derivatives of waters of sedimenta- 
tion which were included when the sediments were deposited. Thfl_ 
chlorine in the brines has been derived directly or indirecjjy_ f rom 
the waters of sedimentation, but practically all the other noteworthj^ 
<?bnstituents have been derived^ftt least in part, from other sour ces. 

Extensive migration and the partial expulsion of the originally 
included waters have been caused by the consolidating processes to 
■which the sediments have been subjected, more especially by com- 
pacting due to the increasing weight of subsequently deposited ma- 
terial. Cementation, heat, rock movranents, and the incursion of pe- 
troleum and natural gas have also taken part in causing the migra- 
*ifljf°"'^ expulsion of the interstitial waters. 

jfl'During periods of erosion ground waters of meteoric origin have 
Wgom time to time entered tie sedimentary rocks and have been re- 
tained and buried together with the waters of sedimentation or their 
derivatives. The final retention of the waters has been due to deep 
burial under relatively impermeable covers, to the sealing of the rock 
interstices, ^d to the basin-like structure of the Appalachian 
geosynclingfcj 

Profoun^^anges in the waters subsequent to their inclusion in 
the sediments have resulted from the mere solution of certain rock 
constituents such as chlorides, sulphates, carbonates, and silicates, 
from organo-chemical processes such as the reduction of sulphates 
during the decomposition of organic matter; from cheuiioal reactions 
biigu^t-ahoBtihrongh the njixing of waters having different proper- 
ties .t>fjBactie«, -whieb-ifl. illu^.rated on pages ,2iLamLEl; from re- 
actions due to heat, as described on page 72; and from reactions 
between the dissolved constituents of the waters and the constituents 
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of the rocks with which the waters have been in contact, as described \ 
<Hi page 74. 

The waters have also undergone deep-seated concentration. This 
concentration, which we believe to have been an important factor ia ' 
many of the changes that the watere have undergone, was assisted 
in some places by heat and very generally by iooving or expuiding 
gases, which have carried off water as vapor. The concentration 
thus brou^t about has been accompanied by the loss from the waters 
of certain d^solved constituents, 8u<^ as cartx>n dioxide, together 
with other gases, carbonates of iron, ciJciam, and magnesium, small 
amounts of sulphates of barium, strontium, and calcium, and also 
ranall amqjints of silica as quartz or combined with other minor con- 
stituents. Under favorable conditions the concentration has pro- 
ceeded to the extent of causing the separation of sodiiun chloride 
with minor proportions of calcium, magnesium, and potassium 
chlorides. 

In the succeeding pages these deep-seated processes, which have, no 
doubt, been closely related and which have acted together, so that 
their combined effects are now to be observed in the oil and gas field 
brines, are considered in detail. 

HISTORY OF THE OIL AND GAS FIEU> 'WATBRS. 

XKCI.USIOH ASB UGBATIOIT OF WATBBS OF SEBIlCEtTTATIOlf. 

During periods of sedimentation vast quantities of sea. water are 
included interstitially in marine sediments.^ The water content * of 
muds such as those recently deposited along sea coasts range from 40 
or 50 per cent to as much as 90 per- cent by volume. In freshly do- ' 
posited, unconsolidated sands the water content may vary from 15 
or 20 per cent to more than 30 per cent of the volume. King' has 
shown that the interstitially included waters of sedimentation, or 
" connate waters," * as they have been called by some investigators, 
have probably undergone extensive upward migration toward the 
regions of least pressure during the consolidation and induration of 
the sediments. The processes of compacting under increasingly 
great pressure, rearrangement of the mineral constituents of the sedi- 
ments, and cementation due to the deposition of dissolved mineral 
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, Ptindpica Knd condltlona of the moremeDts of groand water :'U. S. 
eol. Snrver Nineteenth Ann, Kept., pt. 2, p. 77, 1898. 

• King. P. H., Idem. Shaw, H. W., dlscnailon of paper by B. W. Johnson, The rftle 
^d fate of the o>Dna.le water In oU and gai lands : Am. Inst. Hln. Has. Trans., toL fit, 

p. 597, 1915. 

/ ' King, F. H., op. clt. pp. 66-294. 

* ITie Century Dlctlonarj defines the word " connate " am foUowB : " Inborn, la- 
1)lanted at or existing from birth." The ward was first used to designate Interstitial^ 
Indnded waters ol sedimentation by A. C. Lane <Ulne waters and thetr field assay: 
0«oL Boc. Americ« Boll., vol. 19, pp. 601-512, 190S>. 
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matter from interstitial waters were, no doubt, contributiTe causes 
of this expulsion of water. It also seems probable that thermal 
migration, due in part to the expansion of interstitial gases,^ and 
migration resulting from pressure accompanying rock movement' 
may have been factors worthy of consideration, <!.■} fi; 

Eelative to the migraticHi of waters of sedimentation,' King ' says : 

In tbe case of extenEdve beds of clay d^>oBlts which have glvea rlae to shales 
and rocks of that type, it is not Improbable that the extremely large original 
pore space of 40 to 50 per cent in these sediments has t>een reduced to Its pres- 
ent small proportions' through compression; but be this as It may, there must 
even then have been « ground-water movement measuretl by the actual redac- 
tion of pore space which has taken place, for tl>6 water of sedimentation most 
of necessity have been expelled before the reduction of volume could bave 
occurred. 

He also says : * 

The final or nearly complete consolidation of 50,000 square miles of sediment 
1,000 feet deep, having a pore space of 33 per cent, filled with water. Involves 
tbe actual transfer to & different region of tbe equlval^it of a sheet of water 
SO.OOO square miles Id area and 300 feet deep, when there Is still left within tbe 
mass a pore space of 3 per cent filled with water. 

There can be little doubt, therefore, that very great volumes of 
water of deposition have passed through or along relatively porous 
beds of sand, and that under favorable conditions water originally 
included in deeper sediments has been retained and is now. found in 
sandstone reservoirs. If this is true, it follows that waters in oO 
and gas bearing strata can not be "connate" in the strict sense of 
the word. 

Lane* has called attention to the original differences between 
waters of sedimentation. Some were probably fresh water, others 
may have been brackish or even highly concentrated waters from 
inclosed basins, but the greatest sources of these waters were seas, 
which were probably less saline than those of present time.* During 
their migration through the sediments the waters of sedimentation 
of different types must have undergone more or less mixing, both 
with waters of sedimentation of other types and with various ground 
waters of meteoric origin. The oil and gas -field waters are believed 
to be largely the derivatives of these mixtures. 

* EIdb. F. H., op. dt., p. 84. 

' IHlr. H. B., The dlaitropMc theor? ; Am. Inat. Mln. Bog. Tnns., Tot. 62. pp. 118T-11B1, 
191S. 

■ The BTerase total poroalty of abal^B ma; be cooBldered about 13 pec eect. 
*EiDg, F. H., Op. alt, p. 88. 

• Lane, A. C, Utoe waters and tlielr fleld asuy : Oeol. Soc. America BtUU, TOL It, 
pp. e01-ei2, 1M6. 

■ Dal;, B. A., Some chemical coadlttona In tbe pre-Cambrian ocean : Coats. g^Ol. 
intanat., 11* mm., Sto^Abolm. 1»U>. Compt cend., pp. OOS-Ces, 1912. 
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CBAXOES IN TBE WAKBBS OV SSIXEKXNTATiair. 

The chemical ch&nges that waters of sedimentation undergo soon 
sfter they are included in the sediments on the ocean floor have been 
investigated by Murray and Irvine,' who show that sea water asso- 
ciated with the deposits at the sea bottom is often of a different 
chemical composition from the normal sea water overlying the de- 
posit, and esi)eci8lly bo in the depoenta known as bine mads. The 
mud waters were collected from coastal as well as pelagic deports 
and are shown by a series of analyses to contain only about 50 per 
cent aa much sulphate as the normal ocean water. This difference is 
attribnted to the reducing effects accompanying the process of decc»n- 
position of organic matter. The reduction of the sulphate is accom- 
panied by the formation of carbonate, the proportion of carbonate 
in the mud waters bemg thereby increased. At the suae tinke an 
unstable sulphide of iron is deposited in the muds, imparting to them 
their characteristically blue color. It has been proved that the 
reduction of the sulphates and the contemporary formation of car- 
bonate and sulphide are due not merely to the presence of decompos- 
ing organic matter but to the action of microorganisms.^ Roge^' 
has recently contributed a detailed discussion of the reduction of 
sulphates in oil-Geld waters and cites evidence that the sulphates are 
reduced directly by contact with the constituents of petroleum and 
natural gas, as well as by bacterial action. 

Ammonia and hydrogen sulphide formed from decomposing 
organic matter have been repeatedly detected in deep ocean water 
and bottom muds, and the proportion of ammonium salts in the mud 
waters exceeds that in. normal ocean water. It has been suggested 
that ammonium carbonate, reacting with interstitially included cal- 
cium and magnesium salts, precipitates cftldum carbonate and some 
magnesium carbonate.* This precipitation may be increased, experi- 
mentally, by boiling the solution. Relative to the changes in mud 
waters, Daly discusses the results obtained by Murray and Irvine* 
as follows: 

In the mild water caldnm Bolptiate la abamt, tDaenealam snlptutte Is deficient 
wben conqtared with average aea water, caldum carbonate is increased, and 

'^i Murray, John, and Irvine. Batm^ Ob tbe chemical rbaToga. In tKe compotftton of 
■ »ea-w«ter : Roy. Boe. Edlnborgk Trans., vid. 87, w>. 481-507, 18»S. 

> Meyer, Lother, Cbemlsche TiDteTauchung der Thermen ra I^odetk In dcr GrsliclkaCI: 
QIatx : Jour. pnkt. Clmtfe, Bud «1, p|L &-«, 1864. PlaaidiiUl, BL. BeckerAes war 1b 
(ocmatlon dea eaax sulfurenses naturellea : Compt. Rend., Tol. 84, p. 235, 1877 ; Snr 1> 
r^ductlun Qea snltstea i>ar lea tmlfaralree, et mr la fonaatliw <l«s ■nUnKB mMalUgoes, 
natnrels: Idem, vol. 05, p. 1S83, 1^2. £tard, A., and CttlTer, L, Da la i^dnattan Aea 
■Dlfotes par lea etree TlvantB : Id«n. vtL B5, p. 84ft, 1882. 

' Bogera, O. B.. Cbemlcal relatione of the oIl-Beld waters In San Joa«ala TaUey, Cal. : 
V. S. QeoL Snirey BalL 663, 1»17. 

• Dety, B. A.. Tbe Umeteaa dtean it pre-Coatalaii time : Am. Jour. ScL. 4tk wr.. lOL SK 
pp. 98-115, 1907. 

■Harray. John, and Irvine, Robert, op, cit. 
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magnesium carbonate and ammonium sulphate are butii pretient. The high 
chlorides show that the carbonates are not in excess because of fresh-water 
inflow. .The ratio of ma gnCSiu i D rarhfinate to j-bIpIhiii carhnnn^p la 1 ; a. When 
ttte clear water filtered from Uie mud was boiled for a short time, a crrstalllne 
precipitate was thrown down, consisting of 73.3 per cent calcium carbonate and 
26-7 per cent magnesium carbonate. The formation of boUi carbonates IB 
ascribed by Murray and Irvine to the reaction of ammonium carbonate chiefly 
on the sulpliates, a conclusion which can not be doubted, eq)eclall7 In view 
of the presence of ammonium sulphate In the mud water. The alkaline car- 
bonate WEB, of course, derived from decaying animal matter contained In the 
muds. 

tiojLwhile certaia otter constituenta are Jostfrom SOlntiDn, in another 
step toward the formation of the brines. 

To what extent the chemical changes continue during the deeper 
burial of the mud waters can only be conjectured, though it s^ma 
certain that the waters associated with buried organic matter must 
have been changed during the formation of natural gas and petro- 
leum. We would therefore accept Itogers's conclusions that sul- 
phates were practically removed from the waters during the earlier 
part of the- period when they were buried or during their long 
association with organic matter. As ammonia and carbon dioxide 
are not found in any noteworthy concentration in the Appalachian 
oil-field waters, it seems logical to assume that those compounds 
have either escaped with other gases or entered into more stable 
combinations. 

' Another striking characteristic remaining to be explained is the 
calcium and magnesium content of these deep-seated waters. Pos- 
sibly the common occurrence of dolomitic limestones in oil and gas 
bearing strata may throw some light on this problem. It seems prob- 
able that some of the magnesium in dolomite may have been con- 
tributed directly to the sediments by the same organisms that secreted 
calcium carbonate.' In addition to this, magnesium in solution may 
■ have been exchanged in part with the calcium in solid calcium car- 
bonate, thus forming dolomite. Experimental evidence for and 
against this possibility is presented by Clarke." 

An essential requirement for the formation of dolomite by the 
last-mentioned reaction appears to be an appreciable elevation of 
temperature. But if a moderate elevation of temperature is postu- 
lated there is the simple possibility that during thermal concentra- 
tion the solutions undergo hydrolysis and magnesium is precipitated 
as hydroxide, basic carbonate, or carbonate, as indicated by the 

'Clarke, F. W., and Wheeder, W. C, Tbe Inor^ulc constltnenta of mttrlne Inverle- 
brateg : U. 8. OeoL Survey Prof. Paper 102, 1917. 

'Clarke, F, W,, The data of Ecocbemlstry, Sd ed. : tT. S. Oeol. Surrey Bull. Sltl, 
-pp. 1150-070, 1916. 
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Btudies of Davis* and Fisher.* The reactions, which for simplicity 
may be regarded as those accompanying the hydrolysis of a solution 
of magnesium carbonate or of magnesium chloride — 

MgCO,+H,0=Mg (OH) ,+CO, 
MeCl,+2H,b=Mg( OH ) ,+2HCl 

would be followed by the evolution of carbon dioxide, according to 
the first equation cited or from the reaction of the hydrochloric acdd 
with carbonates. 

If, for instance, a, reaction according to the second equation should 
take place in the presence of calcium carbonate, calcium chloride, 
carbon dioxide, and water would be formed. A striking example of 
this was observed during the field studies relative to this bulletin. 
The water jackets of the gas engines used for pumping oil and water 
from the wells become badly caked with calcium carbonate crusts 
when shallow well waters are used for cooling the engines. To 
remove these crusts oil-weU brines are passed through the water 
jackets. When subjected to the heat of the engines the magnesium 
chloride in solution in the brines hydrolyzes according to the second 
equation and the calcium carbonate crusts are removed as calcium 
chloride, carbon dioxide, and water according to the reaction 

CaC0,+2HCl=CaCU+C0^+H,0 

The fact that thesexihanges take place when the oil-field brines are 
subjected to moderate heat gives direct evidence bearing on the pos- 
sible loss of magnesium and accession of calcium in the waters. It 
must also be observed that the introduction of calcium chloride into 
the deep-seated waters would affect the solubility of sodium chloride 
in the same solutions and thus influence the changes that have been 
noted. In the absence of recorded quantitative data on this subject 
we have determined the solubility of sodium chloride at 25° C. in the 
presence of different amounts of calcium chloride, with the results 
stated in Table 24. The solutions were agitated in a thermostat for 
a period of over two hours for each determination. The specific 
gravity was determined by weighing 5 or 10 cubic centimeter por- 
tions run out from a pipette after filling the pipette by suction 
through a small asbestos cap which served as a filter. 
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It will be ot«erped from this table that the solubility of sodium 
chloride is greatly diminifihed by the presence of calcium chloride. 
This accords with the fact that the concentrated oil and gas field 
waters containing the greatest proportions of calcium chloride also 
contain the smallest proportions of sodium chloride. 

Evidence in regard to the precipitation of magnesium from heated 
sea water is given by Eowan,^ who presents a series of analyses of 
boiler crusts foriaed from sea water. These crusts contain from 1.8 
to 10 per cent of magnesium oxide. The cxusts containing the most 
magnesium and least calcium were deposited at relatively low tem- 
perature and pressure. Those containing the most calcium and the 
least magnesium were deposited at relatively high pressure and tem- 
perature. Magnesium was probably precipitated as hydroxide and 
calcium as calcium sulphate. 

It is also very probable that magnesium has been lost from the 
waters to form magnesium silicates. Hunt" has proved that mag- 
nesium chloride reacts with calcium silicates to form magnesium 
silicates and calcium chloride. That this or a similar reaction may 
have caused the removal of magnesium and the introduction of cal- 
cium into the waters is made to appear more probable by the fact 
that secondaiy magnesium silicates (chlorites) are disseminated 
through some of the oil and gas bearing rocks. 

In discussing the interaction between certain silicates and the dis- 
solved constituents of saline waters Sullivan * refers to the early 
investigations of Lemberg, as follows: 

In 1870 Lemberg began the publication of bis work on the tranaformation of 
KiUcatea by salt solntlous. BU experiments, wbose number mnB Into tbe bun- 
dreds, constitute a mine of Important observations In tbe cbemlstry of minerals 

■Bowan, F. J., Tbe practlral pbTElcB of tbe steam txiner, p. aiS (appeoAli S), New 
Tort, D. Tan KoBtrand & Co.. 190S. 

■Hnnt, T. 8., Cbemlcal and geological eaaare, p. 122, ISTB. 

' Sniilvan. E. C, The Interaction between mlnenlB and water eolations, with epecUU 
D geologic pbeaoroeua : U. S. Geol. Sucre; Boll. 312. p. 20, 1907. 
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and of geologic processes. The silicates used were, Id the main, those related 
to the seoUtes, but others were Included. The solutions were chiefly of salts 
of the alkalies and alkaline earths, but embraced also such bases as iron, 
alumlDiim, silver, and thallium. The outcome of the exi>erliDents was usually 
either (1) exchange of bases In equivalent quantity between silicate and solu- 
tion; (2) addition of base to the silicate, esx>eclally from alkaline solution; 
(3) addition of entire salt; or (4) addition or subtraction of water. Fre- 
quently, If not usually, transformation to a different mineral species, often crya- 
talllne Id form, ensued. Moat of the work was done at temperatures ranglns 
between 100° and 200° C, although some of It was performed at ordinary room 
temperature. The first papers' contain studies of the action of magnesium 
Halt solutions on such silicates as apophylUte, gehlenlte, vesuTlanite, datolite, 
and wollastontte ; practically equivalent substitution of magnesium for calcium 
and potassium took place. The work with wollastonlte was conducted at room 
temperature and also at 100° C, with the following results: 

Action of maffnettuM tulpluite on %oolla$tonite. 
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The action Is the same in the cold as at 100° — an approximately equivalent 
exchange of calcium for magnesium. 

Palmer* has called our attention to the long-established use of 
eodium silicate as a precipitant of magnesium from hard waters con- 
taining both magne^um and calcium and suggests tiiat sinular 
reactions may have occurred in nature. Artificial zeolites (complex 
alkali aluminosilicates), under the name permutite, have recently 
come into use in water softening. Hard water filtering through a 
bed of this material deposits its calcium and magnesium and takes 
up an equivalent amount of sodium. The permutite is regenerated 
by passing through it a strong solution of sodium chloride, the mag- 
nesium and calcium in the bed being thereby carried out as magne- 
sium chloride and calcium chloride, and the sodium zeolite is re- 
newed. The reaction is reversible, going in one direction or the 
other in accordance with the concentration of calcium and magne- 
sium or of sodium in the solution. 

The type reaction between the constituents of a hard water and 
an alkali aluminosilicate may be e^cpressed as 

Na,Al,Si,0»+Ca(HCX)o)^CaAl,Si,0,+2NaHCO. 

in whidi K may he substituted for Na; S0«, 2C1, or 2N0» for 
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2(HCO,) ; and Mg, Ba, or S«, for Ca. The type reactioa when the 
proceGB is reversed ma; be expressed as 

CaAl,8i,0,+2NaCl=NajAl,SiaOB+Caat 
in which Mg, Ba, or Sr may be substituted for Ca, and K for Na, as 
in the preceding reaction. 

It appears probable that the hydrated alkali aluminosillcatee which 
occur as disseminated constituents in shales and sandstones or in beds 
such as the bentonite deposits of the western United States, and which 
originated through the decomposition of igneous and metamorphic 
rocks, have caused changes in these deeply buried waters similar to 
those just described. For instance, it is posable that hard waters con- 
taining calcium and magnesium, reacting with certain hydrated alkali 
aluminosilicates in the reservoir rocks, or with the constituents of pri- 
mary alkaline waters such aa are represented in Table 14 (pp. 42-43), 
have deported calcium and magneeium. The sobseqnent incursion 
of concentrated sodium diloTide waters would then cwtveri t^e cal- 
cium and magneeium into chloride^ the reaction being accompanied 
by fui equivalent loss of sodium from solution. It is significant thai 
there i^ a wide range of glassy rocks and minerals and tineir derivsr 
tives which, vhea hydrated, will react to r«nove magnesimn and 
calcium fr<Hn hud watwa and whidi will give up i^ calcium and 
magnesium thus removed if treated with a concentrated solution of 
sodium chloride. Many of these minerals and th^ hydrated decom- 
position products have been recognized during stutUes of deep-sea 
deposits collected by the Challenger expedition.^ Feldspars and 
micas are common ccoistitueiits ai scooe of the oil and gaa bearing 
rocks, and the fact that mxx^ of the alkali-bearing dlicates are not 
recognized in the sedimentary rocks of the Appalai^uan oil and gas 
fields may be due to the m(H« ok less complete altuvtiou of these 
minerals to yield calcimn and magneeium bearing silicates or other 
secondary minerals. More detailed stndiee of tW Appalachian oil 
and gas field sediments and of the bentonite deports and their amo- 
ciated waters in the western United States will doubtless throw light 
on this subject. 

Another reactjon between the saline- waters and certain minerals in 
the sediments is described by Sullivan,^ who has discussed ait some 
length the removal of potas^um from saline waters through the selec- 
tive actitm of hydrated aluminosdlicates such- as those that occur in 
muds and shales. The affinity of potassdum for these alicates is 
greater than that of sodium, and hence they retain potassium in pref- 
erence to sodium. 

The concentration of tjie interstitialfy indndad waters by the re- 
moval of water vapor in esoaping gases and to a less extent by the 
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hydration of minerals probably began soon after the wat«Fs were 
buried, and, in conjunction with chemical reaction, it has result«d in 
the loss of several constituents, among which may be mentioned cal- 
cium carbonate, calcium sulphate, and possibly some magnesium sul- 
phate, where sulphates were present. Under favorable conditions 
the concentration was also followed by the depo^tion of sodium 
chloride with calcium and magnesium chlorides as impurities. The 
repeated deposition and re-solution of the salts, accompanied by the 
more ready deposition of sodium chloride and the retention or more 
ready re-solution of calciimi and magnesdum chlorides might also 
have influenced the composition of the waters. 

It is evident that there is a wide range of possibilities whereby the 
acquisition or loss of the various constituents in oil and gas field 
waters can be explained. 

SEEF-SEATES WATEBS AS AOSNTS 07 CEKBITIATIOH. 

Waters having primary alkalinity — that is, waters whose alkalinity 
is in part such as is due to the hydrolysis of sodium and potassium 
carbonates — ^have been recognized hy Palmer > as characteristic rahca 
carriers, but when waters possessing primary alkalinity re^t with 
solutions possessing secondary salinity — ^that is, salinity such as is due 
to calcium and magnesium chlorides or Bulphates — their capacity to 
carry silica may be diminished so that quartz and other silicates will 
be deposited. Calcite, which is a common cementing material in sedi- 
mentary rocks, may also result from the mixing of solutions having 
different properties of reaction, as just described, or it may be depos- 
ited from deep-seated waters through the loss of carbon dioxide from 
solution, as explained on page 48. There can be no doubt that dur- 
ing the complex changes that have affected the reservoir rocks in- 
cluded waters having different properties of reaction have mingled 
and reacted with one another in such a manner as to deposit certain of 
their dissolved constituents, thus cementing the sediments. 

The deposition of quartz, calcite, and other cementing material is 
no doubt facilitated by the concentration of the mixtures. Such a 
process of cementation, through the agency of deep-seated waters, 
we believe to have been an important factor in the retention of gas, 
oil, and water through vast periods of geologic time. The sediments 
themselves, more especially the colloidal matter of muds, have fur- 
nished an ample source of silica and alumina for cementation. 

BEIENTION OF WATEBS ASSOCIATED WITH GAS AlTD OIL. 

As the result of consolidating processes which probably began in 
the sediments soon' after deposition ' and which were accompanied by 

' Palmer, Chase, The geochpmlcal loterp rets Hon of water analyBes ; n. 8. Geol. Snrrer 
Bull. 479, p. 22, 1911. 

■Leith, C. S., and Mead, W. J„ Metamorphlo Keology. p. 191, New York, 1916. 
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partial expulsion and rearrangement of interstitially included 
fltiids, there have been gradual changes from conditions of hydraulic 
migration to those approaching capillary: equilibrium. The resist- 
ance to movements of water through increasingly fine water-filled 
interstices, due to friction, adhesion, viscosity, and capillary phe- 
nomena, has gradually become so great as to prevent the escape of 
deeply buried water, oil, and compressed gases whose expansive 
power is commonly referred to as "rock pressure." Deep-seated 
conditions approaching equilibrium have then prevailed through vast 
periods of time but have been interrupted by readjustments due to 
rock movements and to variations in depth produced by the deposition 
or erosion of sediments. Both fissuring accompanying rock move- 
ments and erosion fiave in places permitted the escape or movement 
of gas, oil, and water until the rock passages again became sealed. 
The same conditions under which gas, oil, and water have been 
retained under great pressure have, of course, assisted in preventing 
the entrance of water from neighboring regions. 

EVAPOBATION OF WATEB AT DEPTH. 

TABIABLES IKVOI.TED. 
In considering the evaporation of water at depth it may be well 
to discuss briefiy some of the principles that govern evaporation both 
from the surface of the earth and from the deep-seated rocks. 

. Various factors that assist evaporatiofl at the earth's surface, such 
as heat, wind, and dryness of the atmosphere, are well known, and 
analogous factors may be supposed to have influenced evaporation 
beneath the surface. But underground conditions differ from sur- 
face conditions in several particulars. For example, the tempera- 
ture may be higher than tliat at the surface, the pressure may be and 
generally is considerably higher than atmospheric pressure, and the 
movement of gases is in genenJ immensely restricted compared t« 
movements of the atmosphere. The possible range in temperature 
and pressure is much greater than the normal range at the surface. 
It may be stated, however, that no conclusions in the present discus- 
sion depend for their validity on the existence of temperature greater 
than 200° C. or pressiire greater than 200 atmospheres. 

The choice of the variables that may be said to govern evaporation 
depends somewhat on whether one has in mind merely the process of 
evaporation or the rate and amount of evaporation at some particular 
place. S ^he movement of gas mav aid i ntranpfftrring wat^r ^jnpne 
from one region to another, just as a dry wind assists evaporation 
from the earth's surface, a ce rtain volume of gas being _no spMier 

,^- ^tu rated than it is replaced by a fresh volume of unsaturated gas . 

^T'urthermore, gpg fs jtigy take, u p m oiitiircj jf wiitflr i'i pT^gAnt^ nnt 
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ffl l y '^* thfi timn ni fom^fl i-ifi n pf tV|p g fl sj-a^ h^t subsequently, .duduf 
^jCpan fjioTi, ita flin agpansinn fif n , g ap affoT^g '""tn*"T-nfAi1 gpana infjy 
yhif.l|, wflfpr "•■" r°°n ai Y ftpo'' u ntil th^ space is saturated^ But in 
the examples Just mentioned an unsaturated condition of the gas is 
tacitly assumed. The more common phenomenon below the surface 

will be that of an Piqililihrium hftt.wwn mato.- vnpni- nnil af|i]^^]f) 

*"1l?tii""''j and thaiesHential-variahlae govpmiiig evaporatrion «ill thea- 

ha tKnaa nffn^finp tliln injiiilihriiim in-f^a nroj. ^j- fmnthPT i TheSe 

variables are "femperature j ^reaaure, and ^lt content o f the solution. 
The discussion of evaporation may be made more precise by the 
rsise of the term " vapor pressure," which may be described as follows: 
' Tf_aiLn "^ffin*^^ tomponifciirH a. liqiiiH ip nxl piit.t^ jnto ^ ya niiimj inmi 
oi ihe liquid, will, evaporate and tha vapor, sn tnrmfA will ft^.tftiri a 
ijpfin i tft prfnnup^ This definite pressure is called the vapor pressure 
of the liquid at the given temperature, and when once it is attained 
the space is said to be saturated Vfith the vapor. For every liquid 
there is a definite relation between temperature and the vapor pres- 
sure of the liquid. The relation between the vapor pressure of pure 
water and the corresponding temperature is shown by the vapor 
pressure curve in figure 5 (p. 81).' Tfefi-Vapor pressure of aqueous 
solutions decreases with increasing proportions of dissolved salts, but 
both forpuifi. water and for solutions, tha- vapor preee ur a-increasB- 
with rifiJtig tftnpamtin-P. It follows, therefore, that a moderate rise 
of temperature would largely offset the influence of dissolved saltsJ 

Although vapor pressures may be measured by starting with a _ 
vacuum, as illustrated above, the amount of vapor in a given space 
and the corresponding partial pressure of the vapor formed fnnn a 
liquid will be practically the same, according to Dalton's law, 
whether or not another gas is present, provided only that the otlier 
gas is one which does not react chemically with the vapor. The con- 
centration of water vapor in a given volume of saturated gas may 
therefore be considered as known if the tanperature and salt con- 
tent of the solution involved are known. In a water-saturated sand 
gas pressure may be considered merely as one of the variables deter- 
mining the volume of the gaseous space- 
Certain physical conditions are obviously required to render the 
effects of evaporation at depth permanent, and the principal require- 
ment is the exclusion of surface waters. Fiii^hftrmora, in ordOT_to 
..account for noteworthy effects prodimml hy Hnpp-amit^fi pvapoT-a^^fy 
jt is ne cessary. —to- pQ&UU[ale...fithfir 1 on g-'Vt'l fri n ' '' ""^ wvapffratifin at 
Tniidfirp<>i liimjifii hIiiii'i due to the fenaatiott and escape o£ relaiisely 
largaj[ u aB tit 4« 6 af gas iu-^associatixtn witLHuall quantities jxf.isatec,. 
or else, possibly, more extensive evaporation in conjunction witli 
the escape of le«s gas at a higher temperature. 



byGoogIc 



BVAPOHATTON OF WATER AT DEPTH. 79 

LIKITINa UOISTUBE OOHTBNT OF NATTJItAI. QAS. 

In our preliminary ccaisideration of this problem we assnmed that 
among the gasee that are chemically inert with respect to water, 
natural gas would be no exceptiwi in permitting the evaporation of 
water. Subsequently the su^estion was made by cwne of our col- 
leagues that water might not evaporate into natural gas containing 
the vapors of various oils as it does into air. However, we find a 
statement in the literature that Pittsburgh nntural es \f\ i-ffrring fi7 
per cent hy vj^lnTna nt mpigt-^n^^ although the temperature is not 
stated.^ To remove any possible doubt on the matter, very careful 
determinations were made of the ^mnnnt of moistur e jhat. f^p^ ilf—"^ 
Dating gas used in "Washington, D, C, is able to take up under ordi- 
nary conditions, with results entirely confirmatory of our anticipa- 
tions. The gas used had the following comjKJsition by volume: 

Composition of illuminating gas used in Wiiahington, D. C. 



Carbon dioxide _. 
Oxygen 



Toluol _ 
Xylol, etc— 



Hydrogen.. 



Etbane 

Nitrogen.. 



97.9 



Btliylene 10.9 

CartKin monoxide 28. 7 

A considerable volume of gas was passed into a large bottle over 
water, the bottle serving as a reservoir. For each determination a 
portion of the gas was passed from the bottle, first through a satur- 
ator to saturate the gas with moisture at a definite temperature, and 
then through weighed calcium chloride tubes to retain the moisture. 
The calcium chloride tubes were weighed again, and the increased 
moisture content was determined. The volume of gas used was cal- 
culated from the volume of water flowing out of an aspirator. The 
water in the aspirator had first been saturated with gas in order to 
prevent any interchange of gas between the water and the gas drawn 
in. The calcium chloride tubes were protected from a backward 
diffusion of moisture by a small additional calciiun chloride tube. 
The presure of gas in the aspirator and reservoir was kept equal to 
that of the atmosphere by regulating the flow of water or entrance 
of fresh gas. All temperatures were maintained as constant as pos- 
sible, and the temperature of the saturator was measured by a ther- 
mometer giving a reading which was known to be correct within 
0.02° C. on the hydrogen scale. The saturator consisted of a large 
U-tube containing strips of moist filter paper and enough water to 
seal the passage, the whole being immersed in a vessel of water which 
was maintained at a constant temperature. The calcium chloride 
tubes containing the moistore that had been removed by the gas 
were weighed with a counterpoise. The theoretical weights of water 
were calculated by equati^m (1) on page 81. 



80 



WATEBS ASSOCIATED WITH PBTBOLEUH A2n> NATUBAl. GAS. 



The amounts of moisture found in the volumes of saturated gaB 
used, together with the theoretical amounts that should be found, ac- 
cording to the gas laws, are shown in the following table. The re- 
sults of some preliminary determinations are omitted because the 
temperature of saturation was not measured with sufficient accurate 
to make them significant. 

Table 25. — Determination of moiatvre in latwrated iUvmtnatinp ga» at 
WatMagton, D. C. 
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JjiM&-25 it is evident t hat the v apors of oily 
substances do no t affect the evaporation of water into spaces occu pied 
bv natural gasq g. That a layer of oil on the surface of water might 
etard evaporation is admitted. '^ut_in_Jibr,Jjirt]l rilhnr thfim in 
bundant time f or-gater^t" b**^!!:!" distn'^lU^^lj ^'^tAPPon tha ^^{^n^f\ 
and gaseous ph ase3_^y-diJfii«i''M»~1i^dpr ptajip jjond itions^ or else ga s, 
nil ^ gnH wi^|flr ppr^iir sq irregilarl j mixed as to Dr m^{I^in_into neV - 
and frequent asspciatio n]|^^ii^O^]aiotgBiBa|7 as sIfownmoreT CT tTTw 
p agM^j &tnttl 95. ' 

"i'Geweight of moisture in a given volume of satiirated gas in con- 
tact witii pure water depends, first of all, on tbe'r iemperature, ac- 
cording to the well-known temperature-vapor pressure curve of water 
shown in figure 5. The vapor pressures for a number of tempera- 
tures, taken from the Smithsonian physical tables for 1916, are givea 
in Table 26. 
Table 26. — Vapor presawe of water at different temperatweg on hydrogen »e<iU, 
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All quantitative deductions in this bulletin concerning the trsns- 
portatioQ of moisture by gases are based primarily on Table 26, which , 
gives the vapor pressure when the gas is in contact with pure water. 
In dealing with a solution of salt instead of with pure water, it is 
necessary to apply a correction for the decrease of vapor pressure 
due to the dissolved substance. The vapor pressures of water from a 
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great many kinds of solutions are known, so that almost any solu- 
tion can be dealt with if required.^ The relative lowering of the 
vapor pressure, -^, where p is the vapor pressure of water and Ap 

is the lowering of vapor pressure due to the presence of a dissolved 
substance, is roughly independent of the temperature — a fact which 
simplifies the correction cMisiderably. For instance, an 8 per cent 
solution of calcium chloride has a vapor pressure about 5 per cent 
lower than that of pure water, and a brine saturated with ordinary 
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salt has a vapor pressure about 25 per cent less than that of pure 
water. 

The amount of moisture in a given volume of saturated gas at a 
given temperature is computed frMn the vapor pressure at that tem- 
perature by the gas laws as follows: 



where JCJs. the weight nf^Jipjpf^iindprrnngH'^''fitifin. in this case v 
i8£9i.) M itg_!ll£!lS£llJ'''' •"P'ght, p^nji) i-a ISt-iar-xaJua^ p the partial 

pressure_of the^ particular £aSy here the vapor pressure of water, 

measur ed in millimeters of mercury; ji the volumej in cubic centi-. 
jjlfiters, of the total space in which the gas is contained; R the gas 

constaiit equal to 62,860; and T the absolute temperature. 



I See aor coUecttoD of ph^Blco-cheinlcal ta 
r thoee of Landolt-BCmBteln-MeyerhoIIer, 
91818*- 



h an the SmlthBOQlau phjilcal tablea 
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In Table 27 will be found the weigbts of moisture for a number of 
, temperatures computed by equation (1) and expressed in grams per 
cubic meter and in pounds per 1,000 cubic feet of gas. The pr^i- 
Eures are stated in order to show the conditions necessary for the 
maintenance of the liquid phase. If the pressure at any given tem- 
perature were not equal to or greater than that stated in the table the 
water would completely evaporate and the weight of moistore would 
be smaller than that given in the table. 

Without doubt there is considerable uncertainty in the weights 
calculated for the highest temperatures on account of deviations 
from the gas laws at the high pressures considered. Steam tables 
cover a part of the field and show slightly higher weights of steam 
at tbe higher temperatures and pressures. It is to be expected that 
as tbe density of a gas increases — owing, for instance, to compres- 
sion — the molecules will be brought so much more closely together 
that they will exert an attraction for one another and cause devia- 
tions from the gas laws. The solubility of water vapor in compressed 
gases is therefore probably greater than that calculated in the tables, 
but experimental data on this point are lacking. For these reasons 
the calculated figures are retained only as first approximations. It 
"HiP *^ "*"" fr"*" *he tables that a given volumB of gag can transport 
surprisingly jnrp-ci giiflntifies of moisture at the higher t 
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EVAPOKATIOIT OF WATER AT DEPTH. 



Ajj tjl" tPTnppratiirP of thp earth inp .reases about 1° C. for every 100 
frpt fif f^Ppt^^ frfttn tht> giirfafi', if, ip gpif|pTit. f^^t nt "l^pfhi "f B^-^lt 
10,000 fpiftt ftqimnng snlnHfi ns woiiIH nttain a temperature at w hich 
t>ipy TOfflilfl hr,i\ if iinrlpr Htiniwpliprifi prfiafiui;p.. But as the pressures 

prevailing underground tend to be greater than atmospheric pressure, 
the boiling points are likewise higher, so that it becomes somewhat 
problematic .whether under ordinary conditions aqueous solutions 
would ever boil merely on account of the increase of temperature 
with increasing depth. If free egress for the vapor were blocked 
the conversion of much water into vapor would be prevented by the 
high pressure that would be produced. In fact, the pressure caused 
simply by the weight of a continuous column of water from any 
point in the earth to the surface would be great enough to prevent 
ebullition caused merely by the increase of temperature with depth. 
In deep unproductive wells filled with wat«r, therefore, or in figures 
and channels filled with water where the evolution of gas is not 
violent enough to displace the water, *]\fi b"i^'"g p"i"<-c ^.^nld Ti"t 
jje attained nnder th e fsisfing prfij^ir?f 

As a matter of fact, however, a pftpfit^iion^ i^nTnivin ^f ^..^f^r j.; Ti^f ^^ 

gas fiel^la. Strata such as the shales in which the more or less lenticu- 
lar bodies of productive sandstone are interbedded are relatively im- 
permeable, the water-filled rock interstices feeing sufficiently fine to 
modify the cumulative pressure effect of water in overlying beds. 
Moreover, the rock pores in some beds are filled with gas and oil, 
which would interfere with a so-called continuous water column. 
We see no reason to suppose, therefore, that pressures exactly equal 
to the hydrostatic pressures of corresponding water columns would be 
exerted upon gases at all depths down to the zone of rock flowage, 
although, as pointed out on page 28, the so-called rock pressure in 
many wells is roughly proportional to the deptli. Observations in 
different oil and gas fields indicate that in relatively shallow rocks 
the gafi pressure may be greater or less than would be caused merely 
by the hydpostafic head of a column of water reaching the surface. 

Ij^ a pp ^ftrs t hat at depths greater thttn ^hoxjt 1,Q,000 feet the ebilllii- 
ti op of fl.qilP.fHlS SnllL tinriPi w oiiH hp. pn^dhlp.nnly iindai- lujtry fnirnnnhlt) 

conditio ns, but if it..QCCUCTed lt_ would., reault-in-fl. great concentrji- 

tion of thp snliitions. TTndf^r t.hp coTiditinTia tliat_gfinfiCalIy_esist,-h£aEi- 

e ver. th ere would be-mereI.Y- a Mgh. concentration of water in the 
va por phase , and th e removal o f thiP Wf>|P'' would await an pgpnpp »f 
ffas . whidt at the t^^piperaturea under conRide rntion would r paiilt in a 
considera ble transfer of moist.nra, 
oantEated soLatinns behind- 
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Dismissing the possibility of ebullition as being too sli^t to be of 
any great importance to the subject in hand, w e feel certain tha t 
wherever there is a ga s in the earth in contact with a liquid th gwm- 
cent ration of vapor Jn t he gas will be grea ter the greater the d^tK7~ 
the increase of temperature w ith increasing deptti. 



V 



EFFECTS DVE TO CHANQES OF FBESSUBS. 



When a gas that is not saturated with water vapor is made to move 
through water or acrioss a surface of water, it is evident that fresh 
volumes of gas are continually coming into contact wiUi the water. 
No- sooner does a certain part of the gas become saturated or partly 
saturated with water vapor tban it is replaced by another lot of 
unsaturated gas, and in this way evaporation is haatened. At any 
given temperature the amount of water vapor required to saturate a 
certain volume of gas— that is, the amount of water va£fi£_that_£ag. 
hfl f v^ipoi^fttftd into the fix gtWolnpw nf^a^ — is the same whether the 
gas is blown through or across the water or whether the water and 
gas are at rest. The presence of the gas does not influence the total 
capacity of a given space to hold moisture but may afford the un- 
saturated space into which evaporation takes place. \ For instance, 
when a gas expands under a decrease of pressure, at a constant 
temperature, its capacity £or taking up moisture is increased because 
the unsaturated space occupied by the gas izL-inereaaedJ An expand- 
ing gas must transport increasing amounts of moisture as long as its 
expansion continues at a constant temperature in the presence of 
water. 

As already stated, we have no data as to how strictly the propor- 
tionality between vo^ums and ^aJsc^cgntent holds for very highly 
compressed gases, but proportionality can certainly be assumed over ' 
a wide range of pressures from low pressures up. Evaporation of 
water caused by an expanding gas can therefore be offered as an ex- 
planation of the concentration of the brines even when ihe ori^al 
compressed gas is saturated with moisture, as the capacity of the 
gas for moisture is created entirely by the expansion. 

If the simple proportionality just mentioned is assumed, a tenfold 
expansion ofmethane, for example, would create a tenfold space for 
moisture. Wn this way it may be calculated that a cubic meter of 
gas confined at a pressure n-f ifW) atrnimpliffrpa would be able to evap- 
orate 5,W19 grams of water by the time it had expanded to atmos- 
pheric pressure, if the expansion were gradual and in contact with 
pure water at 40° C. In contact with a saturated sodium chloride 
brine the loss by evaporation would amount to about 3,800 grams of 
water, which would cause the precipitation of about 1,400 grams of 
salt. The effects with other salts and other temperatures would 
differ, as has been previously stated. 
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The preceding figures apply to a temperature of 40° C. At other 
temperatures tiie results would be different. They would be different, 
also, if the expansion took place in such a manner as to involve a 
considerable fall in temperature. As a given volume of water- 
saturated gas passing under constant pressure from a warmer to a 
colder zone would deposit water, it is evident thftt^- jiw-sflnro and tam- 
.^acature-nnM be fi^nfiidflrnd T'nnjnintily It is hot difficult, however, 
to calculate by the gas laws what volume a gas would attain under 
any given temperature and pressure if its volume at any other tem- 
perature and pressure is known. The initial and final water content 
of the gas can therefore be obtained from Table 27, a nd the differr 
ence between these quantities will represent the weight of water 
that the gas would gain or lose, as the case may be. The principal 
difficulties are met in attempting to postulate conditions at consid- 
erable depths in the earth. (~XjmcizsntoI_flaHi-of-gft8r^ve^-grad«rily- 
expanding in the presence of water, would certai nly cau se evaponi- 
tion, for no effective chai^m temperature would be .involved. For a 
vertical flow consideration jnust be given to the earth temperature 
gradient, and it is possibler as alpeady stated, that under certain 
conditions a decrease in temperature might overcome the evaporative 
effect of gas expansion. Fnom the slope of the vapor-pressed curve 
it is evident that temperature is more likely to become the major 
variable at Uie higher temperature&j 

Adiabatic expansion cools a gas, and when this effect is localized 
the cooling may be very considerable. For the purposes of our in- 
Testigation, however, any condensation of moisture due to this cause 
in gas conduits may be considered an after effect. There may possi- 
bly he regional cooling in the earth as a result of such expansion, 
but the chances seem to us to lie rather in the oUier direction, which 
means that asrf nd'Tiff gnoAg wil] contrib ute *"^°'^ *'^ thei"£ loein^ ro cks. 
However that may be, the volume and heat capacity ofthe strata are 
so great with reference to the probable quantities of gas involved 
that it seems logical to suppose that only small geologic temperature 
effects could be perman^itly produced in this way. "We have there- 
fore restricted our discussion to the temperature changes due to a 
normal earth gradient. 

The belief that great amounts of the natural gases undoubtedly exist 
in the earth dissolved in wat«r and oil is warranted by the known 
solubilities of gases in both water and oil and by the commonly ob- 
served escape of gases fromthese liquids during periods of produc- 
tion in oil and gas fields. lAn increase in pressure tends to increase 
the solubility of a gas in a liquid, and it follows that any decrease in 
pressure facilitates the concomitant liberation and expansion of a 

gas so dissolved. (^n°"' '""''' fS p'-^p"".. ^Kn1r.w Q7° f. | jmJ Bjimn 
nthpr hydrnrflrhong, bs wpII aa hydrngftn siilphidp t;hpT>nw.inn° CA. 
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m^j. ~.^..^ „| rp"Tiiinn i hl n ilf i jrth w f fliiii JT t tiqi i i ifi ni i hj prr 

flnids wjllof^coiirs e vaporize and i^ ajf* "'^ "" tipImm nf ihp prp^rft^ 

thnw ftimifihitip space into which water may alao Tag Mize-i 

VsOI.irBIUTT OF VATUILAL QAS IN OH. ASS WATKR. 

Knowledge of the solubilitj of the hydrocarbons in oil imder vari- 
ous conditions is meager. It is stated ' that 1 Tolume of certain 
California oils absorbs 0.15 volume of the natund gas used in Pitts- 
bui^, Pa., and t^at 1 volume of daroline oil dissolves 0.31 volume 
of pure m^haoe and 1.96 volumes of pure ethane at atmospheric 
pressure, ^t higher pressure the amounts dissolved would be greater. 
These figures suggest that propane and higher hydrocarbons would 
be much more soluble than ethan^ Nitrogeti and oxygen are far 
more soluble in petroleum than in water, and efiiylene is soluble to 
the extent of 0.14 volume in 1 volimie of petroleum.' Other data ou 
the solubility of certain hydrocarbons are given by McDanieL* 

The following table is quoted from Rogers:* 



^, 



Solnbitity of certain ga»eou» hydrocarboiu in uaUer. 



lAC 20° C. Koi TSO mlllimcten pr«uitre, except propaup, i 
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1 Wlnkl«r, L. W., Die LGjLiclikeit der Basse in Wssser: Doiitschs cbem. Qesell. Ber., BandSl.pp. 14IT- 

121, leoi. 

i LObeau, Pud], But quelques propriStSa physiques du propane: Compt. Kend., vol. HO, pp. 1U4-1WII, 



i, Edwurd, Ueber die Iwdlnmg der cruBnlsrhen Kadlral 

&1T1, IMS. (FranklBiid etaUe tbat butuw li tcsoluhto In wata, but 
checked wltb the more refined methods now In use, ) 
H Winkler, L. W., unpublished daU -"— >•- ■ —- ' 
p. «M, 1905. 



by Landt^BOnuteln, PbysfkAllsch-t^KmbclM Tabdlen, 



t Vm Than, Cul, Der AbsorpUcoscaefflcleat du Prcftf kmfuu: *""»'" der Cbemle, Bi 



In general, as the density of a gas is increased, owing to compres- 
sion, for instance, the molecules are brought so much more closely 
together that -they begin to show some of the properties of liquids. It 
has been shown, for example, that methane at a pressure of 300 

■BnrreU, G. A., Stlbert, F. M., and Oberfell, 6. 6., The coDdeniatlon of EaioUne tnia 
natural sai : BDr. Uinea BnlL SB, pp. 29-84, 191S. 

■ Galevoii, St., and WalflsE, A., Ueber die Abaorptloo von Uawn dnrdi Petroleum : 
Zeltacbr. phyalkal. Cbemle, toI. 1, p. 70, I8B7. 

• McDanlel, A. S., Tbe absorption of bydrocarbon gaeeB by nonaqueoue ItqQlds : Jour. 
PhJB. Chemlfltrj, vol. 16. PP. B87-810, 1911. 

' Bogeri, O. S.. Chemical relations of the oll-fleld watera In San Joagoln Valley, CaL : 
V. B. Qeol. Sarre; Bull. eSS, p. 106, 191T. 
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atmospheres acquires an appreciable solvent action on paraffine, 
which is deposited in brilliant spangles when the gas is allowed to 
expand to ordinary pressure.' Compressed ethylene is a still more 
active solvent of the higher hydrocarbons. So far as we can judge 
from the experimental evidence available, therefore, the behavior of 
water and of hydrocarbons toward gases shows a marked contrast. 
T he expansion of a j tas w oul<i t^Ttl *ifl ing reftm the evaporati'^i "f 
wntfl^lTj>rBKPnt,^ hntt^ finngfl the dppnsitinn nf aMt-h highpr hydi^- 
carbons as might e xist in the com prp-sj^^j t^ ga.s. 



To attempt to discuss in this bulletin the numerous theories rela- 
tive to the origin of natural gas would be unwise. It is sufficient to 
state that, if classified according to their origin, two general types 
of deep-seated gases must be considered — th(^e from d^p<seat£d-iiLi. 

o rganic sources andjhose eYi f'''n|.'y fni-maH fr.^jn nrgnnJP ronming 

through the agency of microorganisms, heat, or chemical changes due 
to other causes. There is so little evidence to substantiate the hy- 
pothesis that the natural gases associated with petroleum are of in- 
organic origin that we give the subject only brief consideration. If 
inorganic gases entered the sediments the evaporative effects may 
have been similar, in some respects, to those of the organic gases. 
There is, however, some uncertainty as to'the amount of moisture 
that would have been introduced into tiiQ sediments with gas of in- 
organic origin. The chemical effects upon oil and gas field waters 
that might accompany the incursion of such gases have been con- 
sidered by Wa^bume.* 

The gases of the second type, those formed in sediments through 
the agency of heat or chemical changes dile to other causes, constitute 
a series of hydrocarbon gases whose principal constituents are 
methane and ethane, together with small amounts of hydrogen, hy- 
drogen sulphide, carbon dioxide, and nitrogen. The formation and 
escape of enorrp^tus voliimps nf thoao ^at.n-nl gnfipa i n thp pre pPTif^R nf 
interstitiflllY_includp (1 wafprc wmilH HmihH^^ ..a..g^ thp^ ^yf,p^..^ti^ 
and concentration of the waters from the, vgry TiPgipning f>f fhair_ 
^ ^^rial. In discussing the probable changes in waters of sedimenta- 
tion we have shown the possibilities for evaporation of this sort to 
occur. No doubt such evaporation has been a factor in bringing 
about the concentration of the waters under scrutiny. 

< VlUard, P., DIsaolution des llqnldeo et iee eolldpH dang les saz : Jour. pb^Blgae, 3d ser., 
Tol. 5, p. 453, 18»«. 

■Washbanie, C. W., Chlorld«B In oll-Oeld waters: Am. IdbL HId. Bug. Traui., toI. 48, 
pp. 687-«B3, 1814. 
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It is a familiar fact that in carbonaceous matter iootb the capacity 
to emit gases and the percentage of water present show a continuous 
decrease in the series from peat to anthracite. Porter and Ovitz^ 
have shown that upon being allowed to stand at atmospheric pres- 
sure and ordinary temperature for five months after mining, a sample 
of bituminous coal yielded a volume of methane equal to one and 
three-fourths times the volume of the coal itself. Had the sample 
been subjected to heat or had it stood indefinitely a much greater 
volume of gas would probably have been emitted. Concerning the 
primary decomposition of coal by heat Taylor and Port«r * say : 

A high-grade bitumlnoiis coa! of the gaB-mafclng type decomposes bj- heat 
prJmarllf into paraffine hydrocarbons and a completely altered nonvolatile resi- 
due, with small quantities of water. COi. and CO. The three latter products 
are the first produced, although in smaU quantity; from some other types of 
bltumlooae coal they are produced In greater reladve quantities than from the 
gus-coai type. Complex and varied secondary reactions Induced by superheating 
the hydrocarbons, water vapor, and CO, are of great importance in Industrial 
high-temperature carbonization. 

The products of low-temperatnre carbonization from coal of the PIttrtturgh 
type on an indnstrlal scale at about 800° to SOO" F. (427" to 482° G.) will con- 
sist of a rich gas amounting to 0.6 to 0.7 cubic foot per pound of coal, and a 
large yield of oil or tar, comprising 10 to 12 per cMit of the coaL This tar con- 
sists chiefly of paraffin hydrocart>ons, is very low or posaibly entirely devoid of 
benzene and naphthalene derivatives, and practically devoid of free carbon. 
The gas will contain 6 to 7 per cent of unsaturated hydrocaibons and 20 to 25 
per cent of ethane and ite higher homologoea and consequently will have a high 
calorific and Illuminating value. The tar may be either redistilled or subject to 
cracking processes so as to produce light oils — gasoline substitutes — whose yield 
will be greater than and probably at least double that obtained by high-tempera- 
ture carbonization. 



ji J^'atec ffP"" prps?"^ Taking rough averages of various determina- 
tions, we have the following percentages of moisture in carbonaceous 
matter: Peat, 25 per cent; lignite, 20 per cent; bituminous coal, 8 per 
cent; anthracite, 1.6 per cent; and finally a graphitoid rock is re- 
corded with only 1 per cent of moisture. Xhe conclusion seems in- 
e vi table that ^aaes escaped during the ch aT)g ^> ^') t-hat c onverted peat 
into anthracite and that the g gcaping g^ippp n.f^'^igtpd in rarry in g off 
the water as water v^pnr. It also seems evident that p ;ftaes havB es - 
caped and that water hasbgen xSHmyed during thpjrintiiimnrphiBni f>f 
a j-Q ani c pint t er such as occu rs in thft-carbonaceous b 



, and Ovlti, P. : 



, The escape of gas from coal : Bar. UIimh Tech. 



'Porter, H C, 
Paper 2, 1911. 

■TayloT, O. B., and Porter, H. C„ Tbe primBT? volatile pnMlaeta at tae caibonliatloD 
of coal : UlDSB Tech. Paper 140, pp. SO-^Sl, 1016. 
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BBIiATBD PHENOMENA AND DEDUCTIONS OP PRAC- 
TICAL VALUE. 



It is a matter of common knowledge that masses of rock salt are in 
many places associated with deposits of petroleum and natural gas. 
Striking examples are furnished by the salt domes of Louisiana and 
Texas, i(hd somewhat similar occurrences of salt are reported in 
southern Vera Cruz, Mexico; in Algeria; in Hanover, Germany; and 
at Maros-Ujvas, Transylvania. Harris ' gives a comprehensive sum- 
mary of the rock-salt deposits in different parts of the world, showing 
that many of the salt masses in foreign countries resemble those of 
the Louisiana and Texas salt domes, both as to their general aspects 
and as to their probable mode of origin, Thompson = suggests that 
some of the structural features in Egypt, in the Hanoverian fields of 
Gtennany, and in the TTral-CaspiMi area may be due to salt-dome 
phenomena. He adds that it is not improbable that some of the 
structural features of the Bumanian and Galician oil fields are* also 
associated with crystalline growths of salt that now form the " cores " 
of some of the oil fields. 

Although these associations have puzzled many investigators, the 
facts that have been brought out in the present paper concerning the 
evaporative action of ,ga5ea.ssfijn.to establish the theory thatjiatiiEal. 
gyigpj; H7]flpr pwr^ain favnra.hlpi i^opditions are able t^ rrtTU^ntrfl.tA 
natural waters, evea to thp. pnint nf ilp.pngU.iny-WHtPir-tirtliiTilo gaU.j 
It is interesting in this connection to recall that Bunsen proved that 
the rock salt of Wielieczka contains marsh gas.' It is also interest- 
ing to note that in September, 1664, the first recorded explosion of 
fire damp occurred in' the Hallstatt salt mine.* Marsh gas and hy- 
drogen sulphide are both present in the salt masses of northern Ger- 
many and Galicia, and there are numerous records of infiammable 
gases in salt mines. Knapp'' has recently described the exudation 
of both gas and oil under high pressure from the Salt masses at 
Belle Isle, La. It would, however, be rash to deny that the salt beds 
now found near deposits of petroleum and natural gas in some parts 

> HarrU, Q. D.. Rock ealt, Its orl^. geological occurrences, and economic Importance 
In tbe State of Loalslana : Loulelana Geol. Svrve; Bii]l. T, 1903 ; Oil and eaa In 
Louisiana, with a brief sumniary of their occnrrences In adjacent States: D. S, Oeol. 
SUFTe; Bull. 429, 1910. 

'ThompaoQ, A. B., OH-fleld development, pp. 241-24S. New York and London, 1816. 

'Annales cblmle et phfB.. Sd ser., vol. S8, p. 269, 1853. 

* Harris. G. D., Bock salt, Its origin, geologitcal occntrencea, and eeoDOmlc Importance 
In tbe State of Lonldana; LouIdBna Oeol. Surrer Bull. I, p. 173. 1908. 

■Knapp, I. N., dlscusBloo of paper bj A, F. Lpces (A review of the eiploratlon at Belle 
Mt, La.) : Am. In«t Uin. Kng. Bull. 188, p. 88, Janoarr, 191S. ^ 
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of the world owe their development as well as their preservation to 
solar evaporation and to arid climatic conditions. We therefore dif- 
ferentiate between the two types of salt deposits and confine this 
discussion to those formed through deep-seated agencies. 

■It i.aj ahviQus that the evaporative ftffw.ta i^ub to moving g»-'ift ff will 
depend somewhat o ^ fhp fj i n tribiitinii fff vntar i B n l n f ii v r lj nma ll 
fttnmiTifjt n t nrntmr niihi<wt i r>d tAutvikpn y a tioTi vn tn f i nn n p inpf ^b u b w^> nIl^ 
b ^more re a d ily^ concentrated so ^? tn dpp'7^'*"- sft^*^' tha p woi?1d p.xpp«- 
ajve amounts of water. For instance, where the conditions^Bre such 
as to permit the continued influx of surface waters, as in certain 
shallow strata of the Appalachian fields, the brines do not attain, 
or at least do not retain, the same degree of concentration as those 
in the deeper strata. If, on the other hand, small quantities of salt 
water trickling into a fissure should come into contact with unsatu- 
rated gases rising from some deeper source, the salt water woidd be 
evaporated and salt deposited in the fissure if the solution were suffi- 
ciently concentrated. The extreme concentration of some of the 
brines ejected from mud volcanoes has already been mentioned aa 
being due partly to the removal of water by escaping gases. 

It is not necessary t filt *h^ gftsna gscape tf. thu surtuot^ \t^ ^tpdt.r tn 
cause evap oration, fnr in Hftep-upjLtgH strHt.a, iindsr certain .Conditions, 

ggEecially- Whp.rfl the, hpds have imdirpnTifl fiaaiiringj gaa may flftw 
frnr" """ ^t^ wllP"* *'^'' p">gciiT-n 4a hi^fh tn a-nf^thoT. h^ "^^?rft a 

Inw a n pr a oouno provnib . Xhfi-aioipocaiisft-eSeete-el-tha-migiiatiii^ 

deposition of cojostituents. other than pMf.ridpfl, RiP|h <•= /■ofK^r"'^'" 
qy siilphfttflff, if th^'y arf procanf ^ flughl..he.caused_laL-aimpQKatiiiD, 
so as to p roduce- the. jmusnal rela t i o ns- st^^imes obsatxed-iu-salt 

domw J It nisn ftM-ma pmhahlft f.hnf Yft^'iT'^ *^^'' ""'^^ mammi t^rn f^ssn- 
pjataii n.;th rl^ppgifa »f i-nlfiiim ciilpH^fl.t.p fl.nH 1-ji.lciiini f^^rhfinatp^ gpn- 

cbfl mipal prfwftgm s yi a lding so diun a rlilnridp , tiOgf-^-^^p'- •"i^>' *h?< Qf->^^ 

tympfinnHCj >iava hopn hrnnght ahfuit t.hrniigVi t.Vi e mixing of solu - 
ti p^g tV iflt haVP riiff'^'^pt p mpArt.ifi a Qf r wartinn jt- thr"" g^ runff-i/mi^ 

between the, constitnenta of CBEtain soluticms and those of the con- 
fining roelssr- 

OBiaiH or SALT DOKES. 



It is our belief that salt domes, such as are found in Louisiana 
and Texas and seem to be closely related to the occurrence of 
natural gas and petroleum, have been formed in part by these 
geochemical processes accompanied by the evaporation of saline 
waters through the agency of escaping gases. Many of the domes 
occur along faults, and some of the salt masses are situated at the 
intersections of fault planes. It is also significant that emanations 



RELATED PHEITOMEITA AJITD DEDtTCTIOlTS OF VALUE. 91 

of the gaseous hydrocarbons are commonly associated with the salt 

domes. 

' The extensive literature dealing with the origin of salt deposits 

has been summarized by Hahn.' Harris ^ reviews in detail several of 

the theories that have been advanced to explain the origin of the salt 

domes in the Gulf region of the United States. 

As early as 1901 Hill * wrote : " These uplifts are modt probably due 
to isostatic movements rather than to accumulations of gas." The 
next year, however, he ventured the opinion that the domes were 
caused by the uplifting force of water or oil rising under enormous 
hydrostatic pressure.* In 1904 Hager * proposed the " volcanic 
plug " hypothesis, an important element of which is the view that 
the cause of the domes goes back to faulting and igneous activity 
in the deeper rocks, including the intrusion of laccoliths. Certain 
features of Hager's hypothesis seem to fit the later phases of the dome 
building so well that the following quotation is made from his article, 
thou^ we do not consider igneous activity essential to the phenomena 
under discussion; 

By contact with the molten intruslves vast qnantlttes of gas were generated 
from the reduction of metallic anlphides and- the distillation of lignites and 
organic snbetancee. Theae gaaea, accMnpanled by uteam under tremendous 
prefBure, forced their way to the surface through the unconsolidated sanda and 
clays of the overlying Tertiary material, perhaps giving rise to mud volcanoes, 
such as occur In many of the world's great oil fields of the present day. Heated 
waters from great depths found vent along the same channelB, carrying In 
solution carbonates of lime and magnealnm, gypsum, and salt. By ebullition and 
evaporation theee solutions became concentrated until, saturation resulting, 
precipitation commenced, forming the necklike masses of aalt, gypsum, and 
dolomite now encountered. With the cooling of the intrusive masses and the 
choking of the vents the process practically ceased. A period of subsidence 
followed, during which the coastal Quaternary beds, which at present cap the 
mounds, were laid down, followed by a seccmdary movement along the old lines 
of weakness, reaultli^ In the present Ovation of the mounds above the sur- 
rounding prairie. 

Fenneman " discusses the domes and says : 

Both the abnormal temperatures and the abnormal salinity suggest upward 
movements of ground waters. Further study may perhaps show that ground 
waters have been concerned in making the salt and gypsum of the mounds, as 
well as the crystaiilne limestone. • * " It may even appear that the pressure 
exerted during the growth or alteration of these bodies was sufficient to raise 
the mounds. 

' Hohn, F, F.. The form of Halt depoalts ; Econ. Geology, yol. T, pp. 120-lZS, 1912, 

•n«rrlB, G. D., Hock salt, Its origin, Beoioglpal o<?>arrenee«, ftod economic importance 
In the State of Louisiana : Louisiana Geol. Survey Boll. T, p. SS. 1908. 

»HU1, R. T., The coast pratrle of Teias; Science, vol. 14, p. 328, 1901. 

* Hill, R. T., Tbe Beaumont oil field, with notee on other oU fields of the Texas regttm; 
Vrankim loBt. Jour., vol. ISt, pp. 273-281. 1902. 

•Hager, Lee, The moanda of the soulhern oil fields: Ong. and Hin. Jour., vol. 76, 
pp. 187-lSe, 160-182, 1904. It appears ttiat the Idea of a volcanic neck «r ping *r«8 
to the mlnda of A, F. Lucas and others some time before this. 

■Fenneman, N. M., Oil fields ol the Teiai-LoalBiana Golf Coaital Flail): V. S., Oral, 
Snrvev BnU. 282. p. 121. 1906. C .Oi.)'MC 
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Harris,^ in the publication already cited, goes on to inquire : " How 
can rising columns of water be made to precipitate their salt, even 
though saturated, tCod, second, what is the force that lifts up a certain 
hundred or thousand feet of superficial strata in limited areas, almost 
never 2 miles across? " In brief, he answers: " Precipitation is due to 
decrease in temperature; and, second, the requisite uplifting force 
is amply accounted for by the power of growing crystals." 

Against the explanation in the last sentence, it may be noted that 
the solubility of gypsum, which frequently accompanies salt in many 
of the domes, increases with falling temperature. Moreover, two 
conditions must be assumed in this explanation of the domes, namely, 
that certain waters have been concentrated to the point of satu- 
ration and that the growth of new crystals takes place between 
rigid solids and not in free brine. Althou^ it is true that the 
solubility of salt decreases with falling temperature, the change is 
small. The amount of salt that will precipitate from a cubic meter 
of saturated brine on cooling from 60° to 20° C. is about 11 kilo- 
grams. This salt will occupy a volume of about 5 liters. The brine, 
however, on cooling from 60° to 20" C. contracts to the extent of 
about 18 liters, so that if the brine were held stationary, instead of 
moving and being continuously replenished, there would be a decided 
net contraction instead of an expansion. Evidently noexpansive force 
could be exerted by the cooling brine. The force sufficient to open up 
or to maintain channels for continued circulation would have to be 
exerted entirely by the solid crystals of salt. The deposition of the 
11 kilograms of gait, cited in the illustration, would leave 883 kilo- 
grams of water saturated with 317 kilograms of salt as a brine taking 
no part in the process, so that the amount of brine necessary to form 
a dome by deposition due to cooling would be very large. Althou^ 
the disposition of this relatively large amount of brine can be ex- 
plained by saying that it merely escaped at the surface, the Uieory of 
evaporation by natural gas could not only account for an initial con- 
centration of the waters but also for the deposition of almost 30 
times as much salt as could be deposited by the simple cooling of 
a saturated brine. In other words, the quantities of salt water re- 
quired for the formation of the domes by deposition due to evapora- 
tion are much less than those required by the theory of deposition 
due to cooling. 

On the hypothesis of a cooling brine, then, we calculate that a 
cubic meter of saturated brine would deposit 11 kilograms of salt on 
cooling from 60° to 20° C, whereas the same amount of salt could be 
deposited from such brine, through evaporation, by the escape of 
790 cubic meters of gas at 40° C, 807 cubic meters at 60° C, or 74 
cubic meters at 100° C. If the gas expands a hundredfold at the 

'Harris, G. D., op. ctt., p. 76. 

.,;,:cc;.,C0pgIC 
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temperatures mentioned, the volumes of compressed gas required 
would be only about a hundredth of those mentioned. In short, the 
Tolumea of ccHnpreesed gas would have to be from 24 to 260 times 
greater than a given volume of brine to leave salt as the final product 
imder reasonably favorable conditions. The volumes of gas required 
are 145 and 1,550 times the volume of salt formed at 100° C, and 40° 
C, respectively. Looked at in another way, 1 cubic meter of brine 
could deposit 11 kilograms of salt by cooling or 330 kilograms by 
evaporation. 

A factor which, so far as we know, has not been mentioned as a 
cause for the deposition of the salt forming the domes is the change 
in the solubility of the salt with a change of pressure. The solu- 
bility of salt at 24,05° C. increases from 35.90 parts per 100 parts of 
water under a pressure of 1 atmosphere, to 37.36 parts under a pres- 
sure of 1,500 atmospheres.^ Although this change is small, it may be 
effective where saturated solutions move upward from regions of 
very great pressure. It is comparable with the small change in solu- 
bility with change of temperature, which is the basis of Harris's 
theory, and the two factors influencing the solubility may act con- 
comitantly. 

Several European geologists haveTecently revived the old and 
long-neglected view that salt-dome structure is due to the flow of salt 
made plastic by pressure,* Lachmann * calls attention to the Variety 
of deformations found in the German salt deposits and shows that the 
structural features range from those that are entirely conformable 
to the strata in which the salt deposits are found to those of domes 
which show practically no relation to the adjoining strata, having 
apparently been formed by the flowage of salt, Arrhenius * has dis- 
cussed some of the physical and chemical problems involved in the 
formation of the German salt deposits and applies the principles of 
isostasy to explain the salt column in Drake's Saline, La. Before 
this explanation can be accepted, experiments upon the plastic flow 
of salt, with special reference to the effect of temperature and 
pressure, the action of water, and the possibility of flow by fracturing 
and granulation, followed by rccementation and recrystallization are 
needed. Inasmuch as Arrhenius assumes that solutions have acted 

> SmlthBonlan ph^Eical tablee, p. 143, 191S. 

*Orupe, O.. Zee hBte Id formation unil Ihr SalzlagPt Im IJntergraDde des hannoTenchen 
Eichs(eld«: Zeitochr. prakt. Oeologle, toI. 17. p. ISC, 1S09. Barbort. B., Oeologle dec 
DordhaDQOTerBcben Saliborvte: Deattcli. eeol. Oesel!. Honalibec., 1910, p. 326, Lach- 
mann, Blcbard. Sallnare BpalteQerupttoD stgen EkBemthearie : Idem, p. 607, Stllle, H„ 
Anfsteigen des Salzgebtrges : Zeltecbr. prakt. Geologle, vol. IS, p. 91, ISll. 

■ I.achmann. Richard. Der Salianftrieb, Halle, 1911. Separute from Eall, yvi. 4. 
Nob. S, 9, 22, 23, and 24, IQIO. Stndiai aeber dea Sau Ton BalsmiMeo : Idem. vol. 6, 
pp. 342-363, 306-375, 307-401, 418-431, 1B13. 

■ArrbeuluB, Svanle, Zur PlijBlk der Salzlaseratitteii : MeddelsDden k. t. NobelittBtltot, 
tdL 2, No. 30, 25 pp., 1012. 
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to nome extent &s m lubricant for the morement of the sslt and also 
that manr of the onnsiul stmctnnl forms foimd in the German 
tKita&b salts are doe to rearrangements broogfat about by w^r gixeia 
off from hydrated minerals at depth, we feel that, even if the preced- 
ing views are accepted, the evaporation of stdutions by gases is worthy 
of contdderation. 

Conditions of ccHnparative weakness that mi^t permit the plastic 
flow of salt nndeo' great pressure would also permit the morement 
and probably the escape of solutions and gases, especiaUy where the 
movements of salt were accompanied by faulting and fracturing of 
the overlying strata. Probably no one of the theories we have cited 
will suffice to explain all the unusual phenomena of salt domes, but 
it is evident that in conjunction with any of the processes mentioned 
the evaporation of water into moving and ezpandiog gas most be 
regarded as impcnrtant. 

\y AKOTnrr of QAS ATAIZ.ABLX TOB SVAPOBATIOn. 

Having shown that under reasonable conditions about 145 to 1,550 
Toltunes of gas under a pressure of 100 atmospheres would be required 
to cause, throng expansion and evaporation, the deposition of 1 
volume of salt fnHn a saturated solution, we most now consider 
whether the supply of gas is adequate to be considered a factor in 
the formation of salt dtHnes in this way. It is difficult to decide the 
question positively, because little is known of the conditions involved, 
such as the thickness and character of the sedimraits in which gases 
might form and the dimensions aad volumes of the salt masses. Even 
the origin of the gases is not known with certainty. Until the results 
of detailed studies, including deep boring, in the salt-dome region of 
Loui^ana and Texas become available, calculatio n^ its t^ thft gimntify 
of jras availa hla^cap hnvo limf^_vftliig, Enormous voltunes of gas 
are continuing to escape in the Gulf region, and we feel that although 
the amount of gas that has escaped is perhaps not sufficient to account 
for the complete development of the domes by this theory alone it 
is adequate to show that the theory sets forth at least one of the 
important factors in the development. 



In considering the escape of c^gressed natural gas we find that 
two facts are at once apparent. *^rsE^where deposits of natural gas 
occur only part of the available ^smis escaped ; ^^o^[^nder the 
conditions that permitted the escape of compressed gases part of 
the associated oil and water must also have escaped or migrated 
through the strata toward the regions of least pressure. These move- 
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ments may have influenced the accumulation oi gas and oil by facili- 
tating the segregation of the hydrocarbons above the water and by 
causing the migration of gas and oil to favorable rock entrapments 
or reservoirs. It is not improbable that the accumulations of natural 
gas and petroleum associated with the salt domes have been formed 
partly in this way. Evidence that this principle is widely applicable 
to gas and oil deposits is furnished by the relatively complete segre- 
gation of gas and oil above water in the sharply folded, more or less 
fissured anticlines of certain fields and the relatively incomplete 
segregation that has taken place in the gentle folds of the Appa- 
lachian fields. 

Among the factors that have retarded the escape of gas, oil, and 

water the RfJtling of t^q rgr^ pa^ggpa-V^y-ihn flop/^oltJMi nt minni-nl 

miillni' liiM Iwiiuii Iff pri""' iiii[iiiiliiiii I A common surface indica- 
tion of petroleum and natural gas in some localities is the occurrence 
of fissures sealed by calcite or even by certain solidified hydrocarbons 
themselves. 

Where salt masses similar to those in Louisiana and Texas are un- 
accompanied by gas and oil, it may be assumed, if the salt masses 
are held to have originated in part through the evaporative action 
of natural gases, that the escape of the gases has been relatively com- 
plete. As bituminous matter and carbonaceous shales are associated 
with many of the European salt masses, where but little gas or oil is 
now present, this view seems perfectly reasonable. 

Iia>irOED SBOBEOAIION OP OIL AITD QAS. 

. During the more or less extensive movements through water-satu- 
rated sands, which occur incidentally to the extraction of oil and gas 
and which facilitate evaporation and concentration, oil and gas tend 
to segregate above the water in the higlier portions of the pay sands. 
Tliis process we have tAT-mcH ^(|(j;u-o^ <:|pj^pj>^fjf.n ^ The movements 
by which the segregation is facilitated are caused by the expansion 
of gas under pressure, either assisted or retarded by hydrostatic 
pressure, the tendency being to replace the materials extracted 
through the wells. 

It has not been possible to measure the extent of the movements 
in the sands, but by studying the porosity and thickness of the sands 
and by calculating the volumes of rock necessary to contain the vast 
quantities of oil and water that have been produced in some of the 
fields, it is possible to approximate roughly the extent of migration. 
In Monroe County, Ohio, there is evidence that production from oil 
wells is accompanied by movements of water, oil, and gas through 
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the Keener sand for distances ranging from half a mile to 1^ mile& 
Such migrations, we believe, must involve considerable segregation 
of gas and oil above the water. 

The principles of induced segregation are worthy of confflderation 
in the practical recovery of oil and gas. It is partly due to this segre- 
gation that certain wells which penetrate the hi^er parts of a water- 
saturated pay sand yield oil and gas more persistently than wells 
which penetrate lower parts of the same sand. In sands which are 
only partly filled with water or in which the water level is lowered 
during production induced migration and segregation will still occur, 
but the oil will not necessarily be found in the higher portions of 
the pay sands. A particular part of a pay sand may become so en- 
riched by induced migration and segregation as to increase tbe rate 
of oil production from a certain well or group of wells, whereas the 
rate of production from neighboring wells will continually decrease 
until the wells are abandoned. The abandonment of wells yielding 
large amounts of water with relatively little oil may have a detri- 
mental effect upon neighboring wells by decreasing the movements 
that bring about induced segregation, or by permitting the so-called 
" drowning out " of the productive wells by water. Many weUs that 
have been abandoned because of their excessive yields of water might 
have been successfully operated' had the geologic conditions and re- 
arrangements of fluids been understood. Where the supply of deep- 
seated water is very large, the continued pumping of poorly pro- 
ductive wells that tap relatively high porticms of pay sands should 
bring about increased oil production through induced migration and 
segregation unless the textural conditions in the sand are unfavorable. 
On the other hand, where the water level is lowered by pumping,* 
wells penetrating relatively low portions of the pay sand may be bene- 
fited. Numerous examples justifying these statements have been 
noted during the field investigations for this paper. 

Near Miltonsburg, Monroe County, Ohio, a Keener well had an 
initial daily yield of IJ barrels of oil, with 150 barrels of water. 
By persistently pumping the well for one month the rate of oil 
production was slightly increased. At the end of 16 months the 
daily production was 5 barrels of oil, with 80 barrels of water. Dur- 
ing the same period the rate of oil production from a neighboring 
well increased from 4 to 7 barrels of oil a day, while the rate of water 
production decreased from 100 to 25 barrels a day. Within dis- 
tances of 500 to 2,000 feet wells drilled a few months previously' 
and apparently yielding oil and water from the same pay sand 
were gradually producing less oil and more water. It appears that 
the increased production from two of the wells was due to deep- 
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seated movements and rearrangtauents of the fluids, induced segre- 
gation being facilitated by eoDditions of structure, lenticularity, or 
texture of the productive sand. 

In see. 13, Center Township, Monroe County, Ohio, two Keener 
oil wells have yielded more than 80,000 barrels of oil and 250,000 
to 300,000 barrels of salt water, the total volume of which (oil 
and water combined) appears to be enough to fill the productive 
sand completely throughout an area, of at least 1 square mile. Never- 
theless these two wells are surrounded by 11 so-called dry holes 
and two poorly productive oil wells at distances of only a few hun- 
dred to a few thousand feet. The two best weUs tap a relatively 
high pwt of the pay sand, the top of which is 6 to 9 feet higher than 
in the surrounding wells, and have been operated steadily since 1906. 
In the poorly productive and nonproductive wells larger quantities 
of salt water with relatively little oil were encountered in lower 
portions of the same pay sand. The water together with oil seems, 
unquestionably, to have migrated to the productive wells during 
their opN-ation. 

A Mmewhat similar instance of induced migration and segrega- 
tion was noted near Jerusal^n Village, in Sunsbury Township, 
Monroe County, Ohio, where a small group of Keener oil wells has 
yielded, approximatdy 120,000 bwxels of oil together with 400,000 
or 600,000 bwrels of salt water. Of these amounts a single well on 
the J. K. Scott farm has yielded t^prosimately 80,000 barrels of 
oil and 150,000 barrels of salt water. The top of the pay sand 
in this very productive well is 15 feet higher than in the surround- 
ing wells. Furthermore this well was driUed in 1904 and has 
yielded oil and water steadily, whereas most of the other wells within 
distances of a few hundred to a few thousand feet have been aban- 
doned because of the excessive yields of water with comparatively 
little oil. 

Detailed field investigations by Munn ' surest that induced migra- 
tion and segregatitai may be important factors in the recovery of 
oil from the Hundred-foot and other water-bearing sands in the 
Sewickley quadrangle. The' significance of hydraulic movsnents 
in oil and gas accumulation was emphasized by Munn ' in 1909^ and 
what we have said regarding induced migration, segregation, and 
accumulation of gas and oil can be regarded as an outgrowth from 
his work. 

' Mniui, 11 J., Geolos; of the oil and K»a Delds Id Sewlohler qua-drangle : FcDoirt- 
TuilBi Top. and Qeol. Surre; Comm. Bept. 1, 1910. 

■Hanii. M. J., Tbe antlcllDal and h^raoUc theories of oU and 
BcoD. Geologjr, vol. 4, pp. t09-S29, 1B09. 
91818°— IB 7 
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GZiOOonro of on. and oas aANse. 

Another proc&s that has an influence on the extntcticni of oil and 
gas and is closely related to this investigation is the deposition of 
mineral matter in the interstices of a pay sand after extraction has 
begun. The clogging of the interetices may seal a pay sand suffi- 
ciently to retard or stop prodnction from a well or group of wells 
long before the gas and oi! are exhausted. Part of the trouble 
attributed to the paraffining of oil wefls is no doubt due to the clog- 
ging of the sands by the deposition of mineral salts. As the resalt 
of chemical changes, such as those -which arc espreesed by the type 
reaction set forth on page 50 and which are brought about through 
the mixing and concentration of certain waters having different 
properties of reaction, carbonates and sulphates are commonly depos- 
ited, not only in the wells and in the interstices of the productive 
sands immediately around the wells but also in' portions of the sands 
that are remote from the wells. In this way many oil fields "where 
ihe sands have been flooded by injurious waters have been ruined. 
A new well drilled in an old field where much oil and gas remain 
unextracted may be nonproductive owing to such clogging' of the 
sands. 

Waters that on being concentrated deposit carbonates or that react 
with the deep-seated brines to form carbonate or sulphate sfcould be 
carefully excluded frcm all productive sands. If -such iraters have 
entered the productive sands or if it is impossible to exclude them 
from wells it may be feasible to use chemical reagents to prevent tbe 
deposition of mineral matter in the wells and the sand interstices 
or to remove such material which has previously been deposited. A 
detailed discussion of the practical methods of preventing or remov- 
ing these mineral deposits would be inappropriate in this bulletin, 
plough the subject is worthy of forther investigation. 
FBOSf ECTUia V(^ OIL AUTO OAS. 

In fM'ospectii^ for oil and gas in a region known to be petrolif- 
erous the mere presence or absence of water in a de^>-seated sand is 
frequently an important consideration. Thus, in prospecting the 
Hundred-foot sand for oil in westeoii Pennsylvania, the operators 
welcome the presence of water in the sand, becai]se as a rule in that 
region wells yielding mixtures of oil and water last longer and are 
more profitable. 

From the analyses of Appalachian oil and gas^eld waters that are 
available, it appears that sulphates are characteristically lacking in 
the waters associated with the oil and gas, but that they are present 
in considerable proportions in the waters from shallow, nonpetrolifer- 
ous rocks overlying oil and gas bearing deposits. Sulphates also 
occur in noteworthy amounts in watei^ from the deep-seated non- 



■ BEI^TED PHENOMETTA AKD DEDUCTIONS OF VALtJE. 99 

petroliferous rocks in many places outside of oil and gas fields. 
Bogers^ has described the application of these facts to the search 
for oU and gas in California, where for a number of years the 
absence of sulpha4;es from deep-seated waters has been considered one 
indication of the proximity of oil or ga& The same principle may be 
applicable in the Appalachian as well as other fields, although the 
presence of barium and strontium in certain deep-seated brines may 
afford an explanation for the absence of sulphates in these waters. 

The concentrated chloride waters associated with oil and gas in 
the Appalachian fields, besides lacking sulphates, also generally lack 
carbonate but contain noteworthy proportions of calcium. The cal- 
cium, together with sodium and magnesium, is deposited as chloride 
on complete evaporation. How generally this distinction holds true 
in waters outside of the Appalachiiui fields can be determined only 
by further study, but in prospecting for oil and gas in any field it 
should be advantageous to determine the characteristics of the waters 
associated with oil and gas in the nearest productive territory as com- 
pared with the waters in nonproductive strata. 

In proved territory the presence or absence of newly deposited car- 
bonates in the interstices of a pay sand suggests whether or not that 
part of the sand has been influenced by former production. If, for 
instance) oil, gas, and water have been drawn frcnn that part of Hm 
sand, carbonates have probably been deposited in consequence of the 
liberation of carbon dioxide, together with other gases, from the 
water. Also if the sand has been flooded by waters leaking in fitMU 
abandoned or poorly plugged wells the fact may be recognized through 
the presence of newly deposited carbcmates in the interstices of the pay 
sand, through the low concentration of the constituents in the water, 
or through the hif^ proportion of sulphate and carbonate in those 
constituenta 

DETEBKTNlNa THE SOITBCE OF INFU/TBATINa WATERS. 

Some of the detrimental effects produced when waters of certain 
types leak into wells and flood oil and gas sands have been sufficiently 
described to emphasize the importance of excluding injurious waters 
from the weUs. To do this most effectively the source of an infiltrat- 
ing water that is causing damage to a well, a group of wells, or the 
productive sands themselves should be determined and appropriate 
efforts made to stop the leaks. Studies of the waters occurring in 
the different strata in any particular field and of the probable reac- 
tions and precipitation that might ensue when such waters are 
mixed, concentrated, or diluted to form new solutions should throw 
valuable light upon this subject, if supplemented by studies of freshly 
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formed mineral dejxisits and solutions collected from wells at^ally 
affected by inSltrating waters. 

It is evident, for instance,' that the injurious sali^ftte deposits 
which have interfered with the production of oil &om certain old 
wella in Bntler County, Pa., are due to the infiltrition of sulphate* 
bearing waters from the shallow nonpetrolifM'ODS beds, the sulphate 
having reacted with soluble barium and strontium salts of the deep- 
seated brines in the wells where the leaks occurred. Carixtnates are 
fflntilarly deposited in some of these old wells in consequence of the 
infiltration from shallow beds of primary alkaline waters which react 
with the deep-seated brines as explained on page 50. The i^Uow 
waters causing these deposits have not been propeiiy excloded from 
the wells in which the deposits are formed. 

NXED VOB FUKTHBB IHVBSTIOATIOH. 

In concluding this paper we would emphasize the need for further 
investigation of the relaticms between the occurrence and produc- 
tion of petroleum and n&tural gas and the chemistry of the associ- 
ated waters. Preliminary studies give proof of the value qf such 
work, and there can be no doubt that future analytical and ezperi- 
mfiiil&l fdiudies wilt furnish additional criteria to be applied. 
V Where oil and gas are being drawn from water-bearing strata, 
careful consideration should be given to ihe mode of occurrence of 
iha gas, oil, and wat«r; the movenwiDts and rearrangements they 
undergo incident to extraction, ngpAcinlly yif,)) rmlnfinn t.n ^^riifitiirci, 
■texture, and lenticularity of the san d ft: the phvaicf fl nnfl nligmii-al 
fhflf'g°r t*'"* *^'' yaters undergo: the effecte of these changes on the 

ing watprg of pprtain typ fi"^ bnyp ffp ^hfi Tigser vojr rocks and wella 

nwing trL /vir,fnntrat\r.r, niirl tq rhpmif-9,] ryflrtinrT^Tift pTf^^ipitfl.t.KlT^ •" 

giiil 111! irwii^fiiljinrf-TwnBdyingtJip^ pffpcte and thpir c auses. -a 

The prevention of the formation of inorganic deposits in oil and 
gas sands and in wells, together with the removal of such deposits 
through the use of chemical reagents, constitutes in itself an im- 
portant field for study. The application of knowledge of the chemis- 
try of oil-field waters in the exclusion of infiltrating waters from 
wells or in the sealing and plugging of wells is also important. If 
well tubing and productive sands become clogged by inorganic de- 
posits from oil-field waters, it may be feasible to utilize knowledge 
of the processes involved to exclude injurious waters from wells. The 
waters themselves may be made to furnish cementing material 
Further consideration of these and other technologic phases of the 
study of oil and gas field waters is outside tiie province of this paper 
but presents an inviting field for investigation. 
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